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 Alu elements are approximately 300 base pair (bp) primate specific non- autonomous 
retrotransposons. Alu elements, a short interspersed element (SINE), account for high copy 
numbers in all primate genomes.  Numerous Alu element subfamilies have undergone varying 
degrees of activity and amplification within primates. Identification of these subfamilies has 
proved to be very informative in elucidating phylogenies and as phylogenomic markers.  
 Squirrel monkeys, genus Saimiri, are one of the most well-known neotropical primates 
and the second most commonly used laboratory monkey. Squirrel monkey species diverged 
approximately 1.5 million years ago and are native to South America. Despite being well-known, 
there are many questions still unanswered regarding the evolutionary dynamics of the squirrel 
monkey and its genome. We computationally examined Saimiri lineage specific Alu element 
insertions. We determined the Alu subfamily amplification within the lineage is consistent with 
both the modified master gene model (a subfamily will accumulate copies for a certain time 
period and then become inactive) and with the stealth model (subfamilies with low 
retrotranspositional activity over extended periods of time with occasional short lived 
hyperactive copies) of Alu evolution. Forty-six new lineage specific subfamilies and 51 possible 
species indicative markers were reported within Saimiri lineage of New World Monkeys.  
 Baboons, genus Papio, are Old World Monkeys (OWMs) that reside in distinct regions 
but with overlapping hybrid zones. There are six species of baboons that are part of most recent 
studies, including: yellow baboon (P. cynocephalus), olive baboon (P. anubis), hamadryas 
baboon (P. hamadryas), guinea baboon (P. papio), chacma baboon (P. ursinus), and the kinda 
baboon (P. kindae). Recent studies have explored Alu element dynamics within baboons and 
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determined there is extensive amplification within the lineage. We computationally examined the 
genome of the olive baboon (P. anubis) and identified 129 active Alu subfamilies in Papio 




CHAPTER ONE: BACKGROUND  
 
 Short interspersed elements (SINEs) are key mobile elements utilized in genomic studies 
and have helped solve mysteries of the genomes within which they reside (Takahashi et al. 1998; 
Lenoir et al. 2001; Shedlock et al. 2004; Wang and Kirkness 2005; Ray et al. 2015; Seibt et al. 
2016). Alu elements, a type of SINE, specifically are important in genomic studies due to their 
primate specificity and small size of approximately 300 base pairs (bp) (Batzer and Deininger 
2002; Konkel et al. 2010; Deininger 2011). They are commonly used as markers due to their 
unidirectional mode of evolution (Ryan and Dugaiczyk 1989; Batzer and Deininger 1991; Perna 
et al. 1992; Batzer et al. 1994; Stoneking et al. 1997) which allows for confident inferences that 
the ancestral state of an element is the absence of that element for each locus under examination 
(Ray et al. 2006; Batzer et al 1994). Structurally, Alu are composed of two G-C rich 7SL RNA 
derived subunits connected via an A-rich linker region and ending in an A-rich tail (Jurka and 
Zuckerkandl 1991; Deininger 2011).   
 
Figure 1.1. Alu Element Structure. Alu elements are approximately 300 bp and have a dimeric 
structure composed of two related monomers (left and right). The right arm contains a 31 bp 
insertion(not shown here). The left and right monomers are seperated by a middle A-rich region 
and followed by an A-rich tail. Alu elements contain two promoter regions the A and B boxes. 
Also, TSDs (target site duplications) are created upon insertion. 
 
 Alu elements have shaped the structure of primate geomes and play an important role in 
systematic and phylogenomic studies (Salem et al. 2003; Roos et al. 2004; Schmitz et al. 2004; 
Ray et al. 2005; Xing et al. 2005; Li et al. 2009; McLain et al. 2012; Meyer et al. 2012; Hartig et 
al. 2013; Schmitz et al. 2016).  Over time, Alu elements accumulate diagnostic mutations that are 
commonly used for subfamily identification (Shedlock et al. 2004; Ray 2007). Subfamily 
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identification of Alu elements has become increasingly important when analyzing primate 
lineages and provides insight into their evolution and historical relationships. Lineages with 
similar subfamily activity show distinct patterns of mobile element insertions, which are 
informative in phylogenomic studies of primate orders. Typically, some insertions will be shared 
with closely related taxa and others will be taxon specific. The presence of the same element in 
multiple taxa proves an integration event occurred in a common ancestor. Shared Alu insertions 
within subfamilies can be identified and used in population genetics and phylogenetics studies 
(Ray and Batzer 2005; Ray et al 2005; Xing et al 2005; Osterholz et al 2008; Chiou et al 2011; 
McLain et al 2013). Confirmation of these insertions is possible since Alu are non-autonomous 
and use LINE-1 (L1) machinery to retrotranspose via Target Primed Reverse Transcription 
(TPRT) (Luan and Eickbush 1995; Dewannieux et al. 2003; Deininger 2011). Via TPRT, Alu 
integrations can be easily distinguished by the presence of Target Site Duplications (TSDs), 
which are formed by repair of staggered breaks during integration (Luan et al. 1993; Feng et al. 
1996). 
 Few studies have been conducted on mobile element dynamics within New World 
primates. The studies completed have given great insight into New World primate genome 
dynamics. Alu elements have been used to confirm family relationships among New World 
Monkeys (NWM) (Singer et al. 2003; Ray and Batzer 2005; Ray et al. 2005; Osterholz et al. 
2009). NWM have been shown to have Platyrrhine/NWM specific Alu element subfamilies--
AluTa7, AluTa10, AluTa15 (Ray et al. 2005). NWM specific subfamilies have recently been 
analyzed within squirrel monkeys (genus Saimiri) to investigate hybridization within the lineage 
(Carneiro et al. 2016) and for species identification markers (Osterholz et al. 2008). Squirrel 
monkeys are small forest dwelling neotropical primates native to Central and South America. 
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Squirrel monkeys are commonly used in biomedical research (Abee 2000; Galland 2000; 
Vanchiere et al. 2017) and have similar immune systems to humans. Recent biomedical studies 
have focused on infectious disease, gene expression, cancer treatments, reproductive physiology, 
and viruses (Jung et al. 1999; Stevenson et al. 2000; Boyne et al. 2008; Walker et al. 2009; 
Cazalla et al. 2010; Tardif et al. 2011; Rogers et al. 2015). Until 1984, squirrel monkeys were 
identified as a single species, Saimiri sciureus, with many subspecies separated by geographic 
location (Abee 2000).  In 1984, Hershkovitz published a detailed taxonomy of squirrel monkeys. 
Hershkovitz divided Saimiri into two major groups, Saimiri boliviensis and Saimiri sciureus 
(Hershkovitz 1984). The S. boliviensis group has one species, S. boliviensis boliviensis and one 
subspecies, S. boliviensis peruviensis. The S. sciureus group has three species, S. sciureus 
sciureus, S. oerstedii, and S. ustus (Hershkovitz 1984; Chiou et al. 2011). Subsequent studies 
(Boinski and Cropp 1999; Lavergne et al. 2010) using molecular and genetic data have generally 
supported this classification system.  
 Human, great apes and old world monkeys have been heavily researched (Carbone et al 
2014; Kriegs et al 2007; Li et al 2009; McLain et al 2013;Konkel et al 2015); however, there are 
still questions about the evolution of genomes within baboons (genus Papio). Baboons are found 
in a variety of distinct ranges within sub-Saharan Africa with slight overlap. This slight overlap 
has led to debate over species classification. Current classifications state there are six species of 
baboon: yellow baboon (P. cynacephalus), olive baboon (P. anubis), hamadryas baboon (Papio 
hamadryas), guinea baboon (P. papio), chacma baboon (P. ursinus), and the kinda baboon (P. 
kindae). A number of studies have examined the geographical overlap of these species which are 
commonly referred to as active hybrid zones. Also, baboons have been used in biomedical 
studies and have proved valuable for cardiovascular studies (Cox et al 2013). A recent study 
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(The Baboon Genome Analysis Consortium) determined there was a rapid mobilization of Alu 
elements within baboons.  
 We aimed to computationally analyze the reference genomes of Saimiri [saiBol1] and 
Papio [papAnu_2] to determine the evolution of Alu element subfamily structure in each lineage, 
and then utilize the amplification patterns within these Alu subfamilies to take an in-depth look 
at   the evolutionary dynamics and structure of New World and Old World monkeys. Chapter 
two in this dissertation reconstructs the evolutionary dynamics of Alu elements within the 
Saimiri lineage. Chapter three explores the utility of Alu insertion polymorphisms as viable 
biomarkers for species identification within the Saimiri lineage. Chapter four reconstructs the 
evolutionary dynamics of Alu elements within the Papio lineage. More genetic markers, 
especially those which are identical by descent, such as Alu element retrotransposon insertions 
would increase the number of species informative genetic markers. 
References 
 
Abee CR. 2000. Squirrel Monkey (Saimiri spp.) Research and Resources. ILAR journal 41: 2-9. 
 
Batzer MA, Deininger PL. 1991. A human-specific subfamily of Alu sequences. Genomics 
9(3):481-7. 
 
Batzer MA, Stoneking M, Alegria-Hartman M, Bazan H, Kass DH, Shaikh TH, Novick GE, 
Ioannou PA, Scheer WD, Herrera RJ et al. 1994. African origin of human-specific 
polymorphic Alu insertions. PNAS 91(25):12288-12292. 
 
Boinski S, Cropp SJ. 1999. Disparate data sets resolve squirrel monkey (Saimiri) taxonomy: 
implications for behavioral ecology and biomedical usage. International Journal of 
Primatology 20: 237-256. 
 
Boyne JR, Colgan KJ, Whitehouse A. 2008. Herpesvirus saimiri ORF57: a post-transcriptional 
regulatory protein. Frontiers in bioscience: a journal and virtual library 13:2928-2938. 
 
Carbone L, Alan Harris R, Gnerre S, Veeramah KR, Lorente-Galdos B, Huddleston J, Meyer TJ, 
Herrero J, Roos C, Aken B et al. 2014. Gibbon genome and the fast karyotype evolution 




Carneiro J, De Sousa ESJ, Jr., Sampaio I, Pissinatti A, Hrbek T, Rezende Messias M, Rohe F, 
Farias I, Boubli J, Schneider H. 2016. Phylogeny of the titi monkeys of the Callicebus 
moloch group (Pitheciidae, Primates). Am J Primatol 78(9):904-13. 
 
Cazalla D, Yario T, Science S-JA. 2010. Down-regulation of a host microRNA by a Herpesvirus 
saimiri noncoding RNA. Science 328(5985):1563-6. 
 
Chiou KL, Pozzi L, Lynch Alfaro JW, Di Fiore A. 2011. Pleistocene diversification of living 
squirrel monkeys (Saimiri spp.) inferred from complete mitochondrial genome 
sequences. Molecular Phylogenetics and Evolution 59: 736-745. 
 
Cox LA, Comuzzie AG, Havill LM, Karere GM, Spradling KD, Mahaney MC, Nathanielsz PW, 
Nicolella DP, Shade RE, Voruganti S et al. 2013. Baboons as a model to study genetics 
and epigenetics of human disease. ILAR journal / National Research Council, Institute of 
Laboratory Animal Resources 54: 106-121. 
 
Deininger P. 2011. Alu elements: know the SINEs. Genome Biology 12: 236. 
 
Deininger PL, Batzer MA. 2002. Mammalian retroelements. Mammalian retroelements 
12(10):1455-65. 
 
Feng Q, Moran JV, Kazazian HH, Boeke JD. 1996. Human L1 retrotransposon encodes a 
conserved endonuclease required for retrotransposition. Cell 87: 905-916. 
 
Galland GG. 2000. Role of the squirrel monkey in parasitic disease research. ILAR Journal 41: 
37-43. 
 
Hartig G, Churakov G, Warren WC, Brosius J, Makałowski W, Schmitz J. 2013. 
Retrophylogenomics Place Tarsiers on the Evolutionary Branch of Anthropoids. 
Scientific Reports 3. 
Hershkovitz P. 1984. Taxonomy of squirrel monkeys genus Saimiri (Cebidae, Platyrrhini): a 
preliminary report with description of a hitherto unnamed form. American Journal of 
Primatology 7: 155-210. 
 
Jung JU, Choi JK, Ensser A, in cancer biology B-B. 1999. Herpesvirus saimiri as a model for 
gammaherpesvirus oncogenesis. Seminars in cancer biology. 
 
Jurka J, Zuckerkandl E. 1991. Free left arms as precursor molecules in the evolution of Alu 
sequences. Journal of molecular evolution 33: 49-56. 
 
M. K. Konkel, J. A. Walker, A. B. Hotard, M. C. Ranck, C. C. Fontenot, J. Storer, C. Stewart, G. 
T. Marth, the 1000 Genomes Consortium and M. A. Batzer. 2015 Sequence analysis and 
characterization of active human Alu subfamilies based on the 1000 Genomes Pilot 




Konkel MK, Walker JA, Batzer MA. 2010. LINEs and SINEs of primate evolution. Evolutionary 
Anthropology: Issues, News, and Reviews 19: 236-249. 
 
Kriegs JO, Churakov G, Jurka J, Brosius J, Schmitz J. 2007. Evolutionary history of 7SL RNA-
derived SINEs in Supraprimates. Trends in genetics 23: 158-161. 
 
Lavergne A, Ruiz-García M, Catzeflis F, Lacote S, Contamin H, Mercereau-Puijalon O, Lacoste 
V dT, B. 2010. Phylogeny and phylogeography of squirrel monkeys (genus Saimiri) 
based on cytochrome b genetic analysis. American Journal of Primatology 72: 242-253. 
 
Lenoir A, Lavie L, Prieto J-L, Goubely C, Cote J-C, Pélissier T, Deragon J-M. 2001. The 
evolutionary origin and genomic organization of SINEs in Arabidopsis thaliana. 
Molecular Biology and Evolution 18: 2315-2322. 
 
Li J, Han K, Xing J, Kim H-S, Rogers J, Ryder OA, Disotell T, Yue B, Batzer MA. 2009. 
Phylogeny of the macaques (Cercopithecidae: Macaca) based on Alu elements. Gene 
448. 
 
Luan DD, Korman MH, Jakubczak JL, Eickbush TH. 1993. Reverse transcription of R2Bm RNA 
is primed by a nick at the chromosomal target site: a mechanism for non-LTR 
retrotransposition. Cell 72: 595-605. 
 
McLain AT, Carman GW, Fullerton ML. 2013. Analysis of western lowland gorilla (Gorilla 
gorilla gorilla) specific Alu repeats. Mobile DNA 4:26. 
 
McLain AT, Meyer TJ, Faulk C, Herke SW, Oldenburg JM, Bourgeois MG, Abshire CF, Roos 
C, Batzer MA. 2012. An Alu-based phylogeny of lemurs (Infraorder: Lemuriformes). 
PLoS One doi:10.1371/journal.pone.0044035. 
 
Meyer TJ, McLain AT, Oldenburg JM, Faulk C, Bourgeois MG, Conlin EM, Mootnick AR, De 
Jong PJ, Roos C, Carbone L et al. 2012. An Alu-Based Phylogeny of Gibbons 
(Hylobatidae). Molecular Biology and Evolution 29(11):3441-50. 
 
Osterholz M, Vermeer J, Walter L, Roos C. 2008. A PCR-based marker to simply identify 
Saimiri sciureus and S. boliviensis boliviensis. Am J Primatol 70: 1177-1180. 
 
Osterholz M, Walter L, Roos C. 2009. Retropositional events consolidate the branching order 
among New World monkey genera. Mol Phylogenet Evol 50: 507-513. 
 
Perna NT, Batzer MA, Deininger PL, Stoneking M. 1992. Alu insertion polymorphism: a new 
type of marker for human population studies. Human Biology 64(5):641-8. 
 
Ray DA. 2007. SINEs of progress: Mobile element applications to molecular ecology. Molecular 




Ray DA, Batzer MA. 2005. Tracking Alu evolution in New World primates. BMC Evol Biol 5: 
51. 
 
Ray DA, Xing J, A.H. S, Batzer MA. 2006. SINEs of a nearly perfect character. Systematic 
Biology 55: 928-935. 
 
Ray DA, Xing J, Hedges DJ, Hall MA, Laborde ME, Anders BA, White BR, Stoilova N, 
Fowlkes JD, Landry KE et al. 2005. Alu insertion loci and platyrrhine primate 
phylogeny. Mol Phylogenet Evol 35: 117-126. 
 
Rogers DL, McClure GB, Ruiz JC. 2015. Endemic Viruses of Squirrel Monkeys (Saimiri spp.). 
Comparative Medicine 65(3):232-40. 
 
Ryan SC, Dugaiczyk A. 1989. Newly arisen DNA repeats in primate phylogeny. Proc Natl Acad 
Sci U S A 86: 9360-9364. 
 
Salem A-H, Ray DA, Xing J, Callinan JS, Hedges DJ, Garber RK, Witherspoon DJ, Jorde LB, 
Batzer MA. 2003. Alu elements and hominoid phylogenetics. PNAS 100(22):12787-91. 
 
Schmitz J, Noll A, Raabe CA, Churakov G, Voss R, Kiefmann M, Rozhdestvensky T, Brosius J, 
Baertsch R, Clawson H et al. 2016. Genome sequence of the basal haplorrhine primate 
Tarsius syrichta reveals unusual insertions. Nature Communications 7: 12997. 
 
Schmitz J, Roos C, Zischler H. 2004. Primate phylogeny: molecular evidence from retroposons. 
Cytogenetic genome research 108: 26-37. 
 
Seibt KM, Wenke T, Muders K, Truberg B, Schmidt T. 2016. Short interspersed nuclear 
elements (SINEs) are abundant in Solanaceae and have a family-specific impact on gene 
structure and genome organization. Plant J  86(3):268-85. 
 
Shedlock AM, Takahashi K, Okada N. 2004. SINEs of speciation: tracking lineages with 
retroposons. Trends in Ecology & Evolution 19: 545-553. 
 
Singer SS, Schmitz J, Schwiegk C, Zischler H. 2003. Molecular cladistic markers in New World 
monkey phylogeny (Platyrrhini, Primates). Molecular phylogenetics and evolution 26: 
490-501. 
 
Stevenson AJ, Frolova-Jones E, Hall KT, Kinsey SE, Markham AF, Whitehouse A, Meredith 
DM. 2000. A herpesvirus saimiri-based gene therapy vector with potential for use in 
cancer immunotherapy. Cancer gene theraphy 7(7):1077-85. 
 
Stoneking M, Fontius JJ, Clifford SL, Soodyall H, Arcot SS, Saha N, Jenkins T, Tahir MA, 
Deininger P, Batzer MA. 1997. Alu insertion polymorphisms and human evolution: 




Takahashi K, Terai Y, Nishida M, Okada N. 1998. A novel family of short interspersed repetitive 
elements (SINEs) from cichlids: the patterns of insertion of SINEs at orthologous loci 
support the proposed monophyly of four major groups of cichlid fishes in Lake 
Tanganyika. Molecular Biology and Evolution 15(4):391-407. 
 
Tardif SD, Abee CR, Mansfield KG. 2011. Workshop summary: neotropical primates in 
biomedical research. ILAR journal 52: 386-392. 
 
Vanchiere JA, Ruiz JC, Brady AG, Kuehl TJ. 2017. Experimental Zika Virus Infection of 
Neotropical Primates. American Journal of Tropical Medicine and Hygiene 98(1):173-77. 
 
Walker ML, Anderson DC, Reproduction H-JG. 2009. Ovarian aging in squirrel monkeys 
(Saimiri sciureus). Reproduction 138(5):793-9. 
 
Wang W, Kirkness EF. 2005. Short interspersed elements (SINEs) are a major source of canine 
genomic diversity. Genome Research 15(12):1798-808. 
 
Xing J, Wang H, Han K, Ray DA, Huang CH, Chemnick LG, Stewart C-B, Disotell TR, Ryder 
 OA, Batzer MA. 2005. A mobile element based phylogeny of Old World monkeys. 

























CHAPTER TWO: EVOLUTION OF ALU SUBFAMILY STRUCTURE IN 




 Alu elements are 300 base pair (bp) primate specific retrotransposons. (Batzer and 
Deininger 2002; Konkel et al. 2010; Deininger 2011). They are composed of two G–C rich 7SL 
RNA derived subunits connected via an a-rich linker region and ending in an a-rich tail (Jurka 
and Zuckerkandl 1991; Deininger 2011). Over time, Alu elements accrue diagnostic mutations 
that can be used for subfamily classification (Shedlock et al. 2004; Ray 2007) along with random 
mutations indicative of the age of the elements (Xing et al. 2004). Lineages where particular Alu 
subfamilies have been active show distinct insertion patterns within the genome. Some insertions 
are shared with closely related taxa, whereas, others will be more taxon specific. The presence of 
the same element in multiple taxa provides evidence of an integration event that took place in a 
common ancestor. Confirmation of phylogenetically significant integrations is possible because 
Alu elements are nonautonomous and must use the machinery of L1 elements to retrotranspose 
via Target Primed Reverse Transcription (TPRT) (Luan and Eickbush 1995; Dewannieux et al. 
2003; Deininger 2011). By using TPRT, Alu integrations can be easily determined by the 
presence of element specific Target Site Duplications (TSDs) that are formed during their 
integration (Luan et al. 1993; Feng et al. 1996). Alu elements are nearly homoplasy free and 
unidirectional genetic characters with a known ancestral state, hence making them distinct 
phylogenetic markers (Batzer et al. 1994; Ray 2007).  
 
____________________ 
Portions of this chapter previously appeared as J. N. Baker, J. A. Walker, J. A. Vanchiere, K. R. Phillippe, C. P. St. 
Romain, P. Gonzalez-Quiroga, M. W. Denham, J. R. Mierl, M. K. Konkel, and M. A. Batzer. 2017 Evolution of Alu 




  The New World Monkey (NWM) lineage is one of the most studied and debated primate 
groups over the last 40 years and Alu elements have been helpful with understanding some 
phylogenetic relationships between species (Baba et al. 1979; Schneider 2000; Schrago and 
Russo 2003; Singer et al. 2003; Steiper and Ruvolo 2003; Ray et al. 2005; Bond et al. 2015; Kay 
2015). Due to relatively poor fossil records of New World Monkeys it is hard to determine 
specific divergence times and precisely decipher speciation events. The traditional classification 
of New World Monkeys had two families: Callitrichidae and Cebidae, using morphology based 
taxonomy. In 2009, Osterholz (Osterholz et al. 2009) con- firmed the monophyly of three 
families Cebidae, Atelidae, and Pitheciidae using Alu elements as cladistic markers.  
 Classification of the NWM phylogeny has since expanded to the acceptance of three 
families Cebidae (small bodies with claws), Atelidae (large fruit and leaf eating monkeys with 
prehensile tails) and Pitheciidae (specialized seed predators) (Schneider and Sampaio 2015). 
There have been various studies conducted to determine the classification and divergence times 
of NWM, specifically the Cebidae family (Goodman et al. 1998; Schneider 2000; Steiper and 
Ruvolo 2003; Schrago 2007; Perez et al. 2013; Kay 2015). All of these studies have provided 
informative trees to show the development of species relationships. A fairly recent study on the 
first primate fossil found on a North American landmass estimates the minimum age of a split 
between two of the Cebidae subfamilies, Callitrichinae (marmosets and tamarins), and Cebinae 
to be about 20.77–21.90 Ma. The estimated divergence of Cebidae from Atelidae is 21.84–24.93 
Ma. Despite some differences, it can be agreed upon there was a quick radiation of the ancestors 
of Aotus, Saimiri, Cebus and modern Callitrichine (marmosets and tamarins). Even though there 
seems to be a general consensus on the families of the New World Monkeys there is still some 
disagreement on subfamily structure within the NWM lineage. Results from studies varied based 
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on the type of molecular test or marker. However, since the family Cebidae contains two species 
with annotated genomes, common marmoset (Callithrix jacchus) and squirrel monkey (Saimiri 
bolivienis) and two genera with scaffold genomes, Cebus (Cebus capucinus) and owl monkey 
(Aotus nancymaae) analyzing Alu insertion polymorphisms may be a promising route to resolve 
these lineages based on results of previous studies using Alu elements as markers (Shedlock et 
al. 2004; Ray et al. 2005; Konkel et al. 2010).  
 Various studies using Alu elements as genetic markers have tried to elucidate the NWM 
phylogeny by focusing on younger polymorphic elements. AluJ elements are the oldest Alu 
subfamily and found in all primate genomes, AluS are mainly found in anthropoid primates and 
AluTa are only found in Platyrrhine primates (NWMs) (Ray 2007; Konkel et al. 2010; Schmitz 
et al. 2016). Singer 2003 (Singer et al. 2003) provided evidence supporting platyrrhine 
monophyly and consecutive branching events in the callitrichine phylogeny. In 2005 Ray and 
Batzer reported (Ray et al. 2005), New World Monkey specific subfamilies. Those subfamilies 
were AluTa7, AluTa10, and AluTa15. AluTa elements are thought to have derived 15 Ma from a 
gene conversion event of two ancestral AluS subfamilies (Alu Sc- and Alu Sp-). In 2008, 
Osterholz (Osterholz et al. 2008) identified a pattern to determine geographic origin with Alu 
insertions between two species of squirrel monkeys, S. sciureus and S. boliviensis. With the 
recent release of the common marmoset [calJac3] and Bolivian squirrel monkey [saiBol1] 
genomes it is now possible to take a more in depth look at these neotropical primates.  
 Squirrel monkeys, genus Saimiri, are one of the best known neotropical primates and the 
second most commonly used laboratory monkey (Kinzey 1997). The squirrel monkey is thought 
to have diverged 1.5Ma (Chiou et al. 2011) in the NWM lineage. The two most well-known 
species of squirrel monkey were first named by Hershokovitz in 1984 (Hershkovitz 1984). He 
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grouped the genus into the Roman type which contained Saimiri boliviensis and the Gothic type 
which contained Saimiri sciureus. Saimiri boliviensis is located in the upper Amazonian and 
Saimiri sciureus is distributed across tropical South America (the south bank Amazonia Rios 
Purus and Xingu, Pacific coastal area near Cost Rica and Panama— much of this geographical 
area overlaps Saimiri boliviensis) (Hershkovitz 1984; Coe and Rosenblum 1985; Alfaro et al. 
2015). The current squirrel monkey genome [saiBol1] is roman type/the Bolivian squirrel 
monkey. Currently, the subfamily evolution of Alu elements of Saimiri is unknown and there are 
few Alu genetic markers used to determine inter species relationships of Saimiri. The common 
marmoset genome [calJac3] was the first NWM draft assembly that was analyzed and Alu 
subfamily evolution was reconstructed leading to the common marmoset (Worley et al. 2014). 
The marmoset genome contained 1.1 million Alu elements and of those elements 660,000 were 
full length. 87 new Alu element subfamilies were identified. The youngest Alu subfamilies were 
derived from derivatives of AluTa15 (Worley et al. 2014).  
 The goal of this study was to identify patterns of Alu subfamily amplification and 
evolution in the genus Saimiri after their divergence from the rest of Cebidae. Understanding Alu 
subfamily evolution in Saimiri would help resolve years of questions about New World Monkey 
relationships. We aimed to use Alu insertion polymorphisms from the squirrel monkey genome 
to determine the historical relationship of the squirrel monkey lineage. 
Materials and Methods 
 A summary of the methods can be found in figure 2.1. A data set of full length Alu 
elements from the Saimiri genome [saiBol1] was generated by using the Blat Table Browser 
(Donna Karolchik et al. 2004). Full length elements are described as beginning within 4 bp of its 
prospective consensus sequence and being267 bp. All full length Alu elements were extracted 
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from the genome using the table browser with 600 bp of 50 and 30 flanking unique DNA 
sequences. A total of 739,636 full length Alu elements were extracted from the genome. Data 
were analyzed using wet bench and computational techniques.  
 
Figure 2.1. Methods Flowchart. The flow chart entails the computational and wet bench methods 
used to analyze Alu elements from the Saimiri reference genome. 
 
Species Comparison  
 The data were compared against Human [hg38], Marmoset [calJac3] and Aotus 
[Anan_1.0] genomes using the Blast Like Alignment Tool (BLAT) (Kent 2002). The human and 
marmoset genome were obtained from the UCSC Genome Browser and the Aotus genome was 
obtained from NCBI in scaffold format (BCM-HGSC 2015). Duplicate elements were removed 
from the Blat output file leaving the result per locus with the highest Smith–Waterman score. 
The Blat output from each run was further analyzed using a custom python script to determine if 
insertions were shared or unique among species in the following manner. The python script reads 
the Blat psl file. 
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 The script checks for the starting locations of query and target gap starts and sizes. If all 
query and target genome gap sizes were smaller than 150 and 250bp, respectively, then the 
insertion was shared among the analyzed species. If query gap size of interest was within 30bp of 
300bp and all target gap sizes <250bp, then the locus was identified as squirrel monkey specific. 
Last, a custom python script was used to determine how many specific sequences were high 
quality. High quality is defined here as having a full length Alu element with at least 150bp of 
flanking sequence on both the 50 and 30 side of the element. These parameters were selected to 
ensure the Alu element of interest was being identified and that there would be enough shared 
regions between the target and query to design unique sequence oligonucleotide primers for 
polymerase chain reaction (PCR) amplification of the locus. 
PCR Analysis  
     PCR amplification was performed in 25 ll reactions that contained 25–50 ng of template 
DNA, 200 nM of each primer, 1.5 mM MgCl2, 10 x PCR buffer, 0.2 mM deoxyribonucleotide 
triphosphates and 1 unit of Taq DNA polymerase. The PCR protocol is as follows: 95 °C for 1 
min, 32 cycles of denaturation at 94 °C for 30 s, 30 s at the respective annealing temperature, and 
extension at 72 °C for 30 s, followed by a final extension step at 72 °C for 2 min. Gel 
electrophoresis was performed on a 2% agarose gel containing 0.2 lg/ml ethidium bromide for 60 
min at 175 V. UV fluorescence was used to visualize the DNA fragments using a BioRad 
ChemiDoc XRS imaging system (Hercules, CA). Subfamily Identification Alu insertions 
determined to be Saimiri specific were aligned via Crossmatch 
(www.phrap.org/phredphrapconsed.html #block_phrap; last accessed July 2016) with the 
following settings: -gap_init -25, gap_ext -5, -min score 200, -minmatch 6 –alignments –
bandwidth 50 then analyzed via COSEG (www.repeatmasker.org/COSEGDownload.html; last 
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accessed July 2016) to determine subfamily structure. The Saimiri specific data set was aligned 
against the AluS consensus sequence (Jurka and Zuckerkandl 1991). COSEG was then used to 
group Alu subfamilies. The middle A-rich region of the AluS consensus sequence was excluded 
from analysis when determining subfamilies, whereas tri and di segregating mutations were 
considered. Using these criteria, a group of ten or more identical sequences was considered a 
separate Alu subfamily. A network analysis of identified Alu subfamilies was created by 
inputting an excel file (supplementary file 4) containing the source, target and weight into Gephi 
0.9.1 (Bastian et al. 2009). Source refers to the parent nodes and target refers to nodes branching 
from a source. Weight refers to the differences between a source and target node and is reflected 
in the thickness of branches. The excel file was uploaded under “edges” and “create missing 
nodes” was selected. Once the data was imported, label names were created for each node and 
sizes were entered to reflect the subfamily size indicated by COSEG. The layouts used were 
Fruchterman Reingold and Force Atlas2 (prevent overlap and scaling was changed to 50). Under 
“appearance”, node size and edge/branch size was adjusted to reflect the numbers entered for 
size and weight. Next, a custom RepeatMasker library was created containing the Alu consensus 
sequences from the Saimiri lineage specific subfamilies, as well as those identified in the 
Marmoset Consortium project and previously known Alu subfamilies was created to verify the 
presence of each subfamily in the data set. Then, using this custom library, we used 
RepeatMasker (Smit et al 2013-2015) to identify subfamilies unique to the full length Alu data 
set of squirrel monkey. The data set was repeat masked with the following settings: -s –nolow –
lib libraryfilename –no_is dataset.fasta. Subfamilies with young Alu elements (2% or less 
diverged from the consensus sequence) were analyzed using polymerase chain reaction within a 
sample size of 32 squirrel monkeys (Table A2.5). The number of loci assessed from each 
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subfamily ranged from 1 to 5 depending on how many loci were young. Model Selection All 
subfamilies identified were analyzed with jModelTest-2.17 (Darriba et al. 2012) to determine the 
best model of nucleotide evolution for the data set. The Akaike information criterion (AIC) and 
Bayesian information criterion (BIC) models were a gamma distribution with an alpha value of 
0.3770 and 0.3920, respectively. Since alpha was <1, it means the distribution has a highly 
skewed L-shape, and most sites have very low rates or are nearly “invariable”, but there are some 
substitution hot spots with high rates of variation (Yang 2014). The AIC model selected was 
TrN+ I+G(variable base frequencies, equal transversion rates, variable transition 
rates,unchanging sites, and gamma distributed rate variation among sites) and the BIC model 
selected was TrN+ G(variable base frequencies, equal transversion rates, variable transition rates, 
and gamma distributed rate variation among sites). According to the BIC model selected, 
transitions rAG =3.9349 and rCT= 8.3258 (rAG = rate of change from A to G and rCT = rate of 
change from C to T) which aligns with previous studies that CpG sites in Alu elements have six 
to ten times faster mutation rates than non CpG sites (Labuda and Striker 1989; Batzer et al. 
1990; Xing et al. 2004). 
Maximum Likelihood and Bayesian Analysis 
 An alignment and nexus file of 108 subfamilies identified in the Saimiri lineage was 
created with MEGA6 (Tamura et al. 2013). Garli-2.01 was used to infer a Maximum Likelihood 
tree for the data using the TrN + I + G model of DNA evolution and 10,000 bootstraps (Zwickl 
2014). The resulting trees were subsequently analyzed using Sumtrees to produce a majority-
rules consensus (Zwickl 2014; Sukumaran and Holder 2010; Holder 2015). BEAST software 
(Bayesian Evolutionary Analysis Sampling Trees) (Drummond et al 2012) was used for 
Bayesian analysis. The following settings were changed from the default settings: site 
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heterogeneity= gamma, species tree prior = birth death process, and nucleotide model = TrN. 
The length of the chain was 30 million.  
Transposition in Transposition Analysis  
 We estimated the chronological order of Alu element accumulation using the 
transposition in transposition (TinT) method (Kriegs et al. 2007; Churakov et al 2010) (http:// 
www.compgen.unimuester.de/tools/tint/ last accessed July 13, 2017; default parameters for SINE 
elements) on all full length elements from the squirrel monkey genome. The resulting graph can 
be found in Figure A2.1.  
Results 
 We examined a total of 1,017,126 Alu elements in the squirrel monkey genome based on 
a Blat Table Browser search. 739,636 full length elements were identified.  
Alu Prediction Validation  
 Approximately 80 of these loci were amplified by polymerase chain reaction to ensure 
accuracy of the detection program. The DNA panel used in these experiments and the results are 
shown in Table A2.1. Of the 739,636 full length Alu element insertions, 43,201 were determined 
to be specific to Saimiri. Of these Saimiri specific loci, a separate set of 60 were randomly 
chosen to experimentally verify their Saimiri lineage specificity (fig. 2.2) along with the locus 






Figure 2.2. Squirrel Monkey Specific Alu Element. The presence of the Alu element (genomic 
location: JH378127: 2656603-2658120) is indicated by the ∼ 616 bp band (lane 18) and the 
absence/empty site by the ∼ 314 bp bands. Lanes: 1-100 bp ladder, 2-TLE (negative control), 3-
Human (HeLa), 4-Chimpanzee, 5-African Green Monkey, 6-Wooly Monkey, 7-White Bellied 
Spider Monkey, 8-Black-handed Spider Monkey, 9-Bolivian Red Howler Monkey, 10-Common 
Marmoset, 11-Pygmy Marmoset, 12-Goeldi’s Marmoset, 13-Red-chested Mustached Tamarin, 
14-Geoffroys Saddle-Back Tamarin, 15-Capuchin Monkey, 16-Capuchin Monkey, 17-Capuchin 
Monkey, 18- Squirrel Monkey, 19-Owl Monkey, 20-Northern White-Faced Saki, 21-Bolivian 
Grey Titi, 22–100 bp ladder. Blue brackets= human and old world monkeys (3–5), yellow 
brackets = new world monkeys (6–21), Atelidae (6–9), green brackets = Callitrichidae (10–14), 
orange brackets= Cebidae (15–19), and Pitheciidae (20–21). 
 
Alu Subfamily Inference  
 Analysis with custom python scripts resulted in 41,782 high quality orthologous loci. 
Pairwise alignments were then completed using Crossmatch. 149 sequences were filtered due to 
poor quality alignments leaving 41,633 sequences to analyze in COSEG. Forty-six Alu 
subfamilies were identified (fig. 2.3). All 46 consensus sequences (Table A2.8) were aligned and 
analyzed to see if there were similarities to previously defined Alu subfamilies. Our results 






Figure 2.3. Network Analysis of Lineage specific Alu Subfamilies in the genome. This is a 
network schematic (diagram) of the 46 lineage specific Alu subfamilies identified in [saiBol1] 
via COSEG and generated in Gephi. The size of each node represents the number of individual 
Alu elements in each subfamily (larger circles have more members). The thickness of the branch 
lines correlates to the number of nucleotide substitutions between the source node and target 
node, also printed at the base of each branch. Green nodes are AluS derived, yellow nodes are 
AluTa10 derived and purple nodes are AluTa15 derived. 
 
Alu Subfamily Evolution  
 Major bursts, in approximate sequential order based on the network analysis (fig. 2.3), 
divergence calculations (fig. 2.5), phylogenetic analysis (figs. 2.6 and 2.7), and TinT (Figure 
A2.1) were AluS derived subfamilies (i.e., sub8), AluTa10 derived elements (i.e., sub6 and 
sub1), and AluTa15 derived subfamilies (i.e., sub0). The root and eldest families prior to the first 
transposition burst are AluS derived (figs. 2.3 and 2.4). The first and second burst of Alu 
elements appear to be AluTa10 derived and the most recent burst appear to be AluTa15 derived. 
The consensus sequence for each of the 46 lineage specific Alu subfamilies s shown in FASTA 
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format in Table A2.8. To further investigate subfamily structure of the Saimiri lineage, a custom 
RepeatMasker library was created and the data set was RepeatMasked against the subfamilies 
identified by COSEG, the subfamilies identified in the Marmoset Consortium project and the Alu 
Consensus sequences from the RepeatMasker library. This was done to ensure sequences were as 
closely (matched) identified to its prospective consensus sequence based on the Alu consensus 
sequences known to be in New World Monkeys. 
Figure 2.4. Alignment of Alu Subfamilies prior to the first burst of AluTa10 related subfamilies. 
The top sequence in the oldest subfamily identified in the squirrel monkey specific data set. The 
next three sequences are more recent subfamilies and are derivatives of AluS prior to the first 
burst of AluTa10, illustrating that AluS derived subfamilies played a role in the subsequent Alu 
amplification in the Saimiri lineage. The dots represent sequence identities and the dashes 
represent deletions. Mutations are denoted with the appropriate nucleotide. 
 
 The majority, 96% (40,198 of 41,633 elements), of the squirrel monkey specific Alu 
elements were properly identified during the RepeatMasker analysis. All 46 of the newly 
identified Saimiri subfamilies (denoted as Sub in fig. 2.3) were identified in the data set along 
with another 46 separate Alu subfamilies identified from the Marmoset Consortium project 
(denoted as sf). Another 16 subfamilies were classified as AluJ and S subfamilies, resulting in a 
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total of 108 Alu subfamilies identified in the genome [saiBol1]. The subfamily with the highest 
amplification throughout the squirrel monkey specific loci was sf63 (Table A2.6). This 
subfamily seemed to have the greatest retention (27,574 loci in the genome) as well as 
amplification after speciation accounting for 13,193 squirrel monkey specific loci (fig. 2.5). Of 
the loci used for verification, 33 subfamilies were represented (24 newly determined subfamilies, 
8 Marmoset Consortium subfamilies, and 1 previously known New World Monkey specific 
subfamily—AluTa10). The locus from Osterholz was also RepeatMasked and identified as 
sf63—a subfamily identified during the Marmoset Consortium Project that had high 
amplification within the squirrel monkey specific loci (fig. 2.5). This locus is thought to be a 
possible subspecies molecular marker (Osterholz et al. 2008). 
 To compare subfamily composition in the lineage specific loci data set against the full 
length elements of the entire genome and to ensure accurate subfamily identification, all the full 
length elements of the squirrel monkey genome were RepeatMasked against a custom 
RepeatMasker library that included the newly identified 46 subfamilies. The original full length 
Alu element data set contained 739,636 elements and of those 614,652 (83%) were identified to 
match a prospective consensus sequence via RepeatMasker. The subfamily identification from 
this run was used in all further analyses. Table A2.6 displays the breakdown of individual 
subfamilies that were detected in the genome data set and may have had a decrease in 
representation in the squirrel monkey specific data set. Last, a TinT analysis (Figure A2.1) was 
completed with the Alu elements in the reference genome to analyze the rate of amplification 
across time. The activity is similar to the marmoset lineage and other primate lineages bases on 





Figure 2.5. Percent divergence of Alu subfamilies with the highest retention in Squirrel Monkey. 
Percent divergence ranges from 0 to 21.5% diverged from its prospective consensus sequence. 
Each subfamily is identified by a different color. The figure shows AluTa15, sf63 and subfamily 
4 and subfamily 5. The remaining subfamilies identified in the genome are combined into a 
single category, “Other subfamilies.” A full list of subfamilies and their count can be found in 
Table A2.6 and Table A2.7. 
 
Subfamily Divergence 
 Subfamily divergence was analyzed via excel (Table A2.7). A total of 4,174 Alu 
elements were classified as young (0.0–2.0% diverged). 51 of 108 subfamilies in the Saimiri 
genome contained loci that were 0–2% diverged from their respective consensus sequences  
(Table A2.7). 667 of 4,174 are from the 26 lineage specific subfamilies that contained young 
elements (table 2.1). Younger elements were overrepresented in AluTa15 derived subfamilies 
(fig. 2.5 and Table A2.6). Figure 2.5 depicts sf63, subfamily 4 and subfamily 5 and are most 
likely derived from a common ancestor of AluTa15. 129 young Alu elements from the 51 
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subfamilies were analyzed by PCR and 68 of the 129 loci were polymorphic (53%). Younger 
elements are more likely to be polymorphic; however, this rate has the possibility to vary with an 
increase in sample size. 
Table 2.1. Number of Young Alu Elements in Lineage Specific Subfamilies. This chart displays the 
26 subfamilies discovered in the lineage specific subfamilies that contained young Alu elements. 
The first column is the subfamily name and following columns contain total number of elements 
for each % divergence. 
   
  0% 0.50% 1% 1.50% 2% 
subfamily 0 0 0 1 3 7 
subfamily11 0 0 1 2 5 
subfamily12 0 3 2 13 4 
subfamily13 0 0 0 1 1 
subfamily14 0 0 0 2 5 
subfamily15 0 0 0 3 4 
subfamily17 0 0 0 0 1 
subfamily18 0 0 0 0 1 
subfamily2 0 0 0 2 1 
subfamily21 0 0 0 1 0 
subfamily26 0 1 1 8 7 
subfamily27 0 0 0 0 1 
subfamily29 0 0 1 2 4 
subfamily30 0 0 0 0 1 
subfamily32 1 3 4 5 9 
subfamily33 0 0 0 1 0 
subfamily36 0 0 5 7 9 
subfamily37 0 0 1 6 1 
subfamily39 0 1 0 2 3 
subfamily4 0 6 18 87 128 
subfamily40 0 0 0 0 1 
subfamily43 0 0 0 6 4 
subfamily45 1 0 0 1 1 
subfamily5 2 12 30 113 100 
subfamily7 0 0 0 0 1 
subfamily9 1 0 1 3 4 
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 The tree produced shows branching in relation to all 108 subfamilies identified in the 
Saimiri lineage. The Maximum Likelihood tree (fig. 2.6) was largely unresolved; however, the 
Bayesian analysis was able to resolve all branches (fig. 2.7). Bayesian analysis of the subfamily 
consensus sequences agreed in large part with the network analysis in figure 2.3. Based on the 
tree branching we were able to determine which families were more related to each other and 
their possible derivatives. 
Discussion 
     The results of this study outline the evolution and amplification of lineage specific Alu 
subfamilies in the Saimiri NWM lineage. Of the 108 Alu subfamilies identified from the squirrel 
monkey reference genome [saiBol1], 46 appeared Saimiri lineage specific in that they evolved 
after the divergence from the marmoset lineage. Alu subfamilies shared with marmoset were 
generally less prolific in the Saimiri lineage in numbers compared with the squirrel monkey 
specific genome content (Table A2.6). Some of the subfamilies identified in the marmoset 
consortium project were not recovered in this study (Table A2.6). Since there is currently no 
known method of precise SINE excision, there may have been some host factors (Bogerd et al., 
2006; Zamudio and Bourc’his, 2010; Rowe et al. 2010; Soifer et al., 2005) that limited further 
amplification in the [saiBol1] genome, whereas other subfamilies identified in the marmoset 
consortium project may have begun amplification after the squirrel monkey and marmoset split. 
Alternatively lineage sorting of polymorphic retrotransposition competent source loci after 
bottlenecks that occurred within the Saimiri lineage may have randomly impacted the 
amplification of certain active subfamilies within the lineage through loss of more active driver 







Figure 2.6. Maximum Likelihood Tree of Alu subfamilies identified in the Saimiri genome. This 
tree displays a consensus of subfamily evolution in Saimiri. Labels that begin with “sf” are the 
subfamilies identified during the Marmoset Genome Consortium project (Worley et al. 2014). 
Labels that begin with “subfamily” are the subfamilies identified during this study. Branches are 
color coded to match the subfamily bursts depicted in figure 2.3. Green denotes where AluS 
derived bursts occurred. Yellow denotes where AluTa10 bursts occurred. Purple denotes where 





Figure 2.7. Bayesian Tree of Alu subfamilies identified in the Saimiri genome. This tree displays 
a consensus of subfamily evolution in Saimiri. Labels that begin with “sf” are the subfamilies 
identified during the Marmoset Genome Consortium project (Worley et al. 2014). Labels that 
begin with “subfamily” are the subfamilies identified during this study. Branches are color coded 
to match the subfamily bursts depicted in Figure 2.3. Green denotes where AluS derived bursts 
occurred. Yellow denotes where AluTa10 bursts occurred. Purple denotes where AluTa15 





This is important because both species are members of the Cebidae family of new world  
monkeys, and most likely split 20 Ma (Perez et al. 2013) which is 5 Ma before the amplification 
of New World Monkey specific Alu elements began (Ray 2007). However, as with previous 
genome studies, gradual refinement of smaller lineage specific subfamilies is expected as 
updated genome assemblies become available and additional wet bench validations are 
conducted. 
 Alu elements are known to propagate in a star like amplification pattern with multiple 
subfamilies concurrently active (Cordaux et al 2004). This pattern is seen in this data set (fig. 3). 
Each one of these bursts in amplification can be linked to different time periods of the primate 
phylogenetic tree. The order of subfamily amplifications were AluS related, AluTa10 and 
AluTa15 related, respectively. AluS subfamilies initially arose 35 Ma and AluTa10 and AluTa15 
subfamilies arose 15 Ma (Ray 2007). AluTa10 and AluTa15 are NWM specific Alu subfamilies 
created via a gene conversion event of Alu Sc and -Sp elements. According to our data, AluS 
related elements were ancestral to the AluTa elements before the lineage specific bursts in 
agreement with previous studies (Ray and Batzer 2005; Ray 2007) This is confirmed by the 
subfamily sequence consensus tree (fig. 2.7) which shows the most likely relationships between 
the 108 subfamilies. The branching patterns in figure 2.7 show groupings consistent with the 
lineage specific burst patterns illustrated in the network analysis (fig. 2.3). 51 of those 
subfamilies were further tested to determine accumulation within the Saimiri lineage. 53% of 
young loci from various subfamilies tested displayed polymorphisms within a panel of 32 
squirrel monkeys confirming that multiple subfamilies are still active and propagating within the 
Saimiri lineage.  
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  Before the bursts of AluTa subfamilies, the most ancestral subfamilies consensus had 
high identity to Alu Sc and Alu Sp consensus sequences (fig. 2.4). However, there were some 
AluTa specific mutations. For example, there is a T at bp 57 that is a diagnostic mutation in 45 of 
46 lineage specific subfamilies. Also, all AluTa related subfamilies and the first major burst node 
(subfamily 8) of the S related subfamilies have an adenosine at bp 78 (The B-box promoter); 
however, the A & B promoter boxes are pristine with perfect sequence for the first two parent 
nodes of the network analysis of squirrel monkey specific subfamilies. It seems like these 
particular AluS subfamilies remained active for extended periods of time and daughter 
subfamilies had a series of bursts in amplification. It is fair to say our data supports the stealth 
model of Alu mobilization. The stealth model of Alu mobilization states that driver elements 
maintain low retrotransposition activity over extended periods of time and create short-lived 
hyperactive copies that promote Alu mobilization in the genome (Han et al. 2005).  
 The data from this study are informative because we can target particular subfamily 
amplification roughly with different time periods in the primate lineage as well as to utilize 
polymorphisms to characterize individual geographic origins within the Saimiri lineage. For 
example, loci of various subfamilies were verified as polymorphic within individuals in the 
Saimiri lineage. Within those loci, the loci from Osterholz were reexamined on our squirrel 
monkey DNA panel (Table A2.5). According to Osterholz, this Alu insertion is primarily present 
in S. boliviensis and generally absent from S. sciureus and a heterozygous genotype means the 
squirrel monkey is likely a hybrid. However, with our DNA panel we were able to determine that 
the locus was polymorphic in S. sciureus and S. boliviensis showing various patterns of 
homozygous and heterozygous individuals within both species. Therefore, this locus may not be 
as informative as a subspecies indicative molecular marker as originally reported. However, 
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analysis of a larger panel including all squirrel monkey species with known ancestry would be 
beneficial to properly assay this locus. Considering S. sciureus and S. boliviensis are sister taxa 
and the insertion was 6% diverged from its consensus sequence it may not have been fixed 
within the population prior to Saimiri splitting into subspecies 1.5 Ma (Chiou et al. 2011). With 
the recent release of the common marmoset [calJac3] and bolivian squirrel monkey [saiBol1] 
genomes it is now possible to take a more in depth look at these neotropical primates. Identifying 
more of these loci would be informative for studies involving subspecies of squirrel monkeys or 
species they may believe to be hybrids. It is important to keep in mind that these sequences were 
mined from S. boliviensis. S. boliviensis is sister taxa to S. sciureus and sequences would need to 
be tested between the squirrel monkey clade to determine intra species specificity. However, by 
the use of computational and wet bench techniques, we have been able to identify Saimiri lineage 
specific subfamilies and model the evolution of subfamily structure within the genome. With 
new sequencing technology constantly being developed we look forward to seeing how Alu 
composition can be further defined within the squirrel monkey lineage and other NWMs. 
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CHAPTER THREE: RECENTLY INTEGRATED ALU INSERTIONS IN 
THE SQUIRREL MONKEY (SAIMIRI) LINEAGE AND APPLICATION 




 Short interspersed elements (SINEs) have been key mobile elements in genomic studies 
and have helped researchers delve into the structure and history of the genomes which they 
reside(Takahashi et al. 1998; Lenoir et al. 2001; Shedlock et al. 2004; Wang and Kirkness 2005; 
Ray et al. 2015; Seibt et al. 2016). SINEs, specifically Alu elements, have been extremely 
important in understanding genomic diversity, systematics and phylogenomics within primates 
(Shedlock and Okada 2000; Ray and Batzer 2005; Ray et al. 2005; Xing et al. 2005; Cordaux 
and Batzer 2009; Konkel et al. 2010; McLain et al. 2013). They have been shown to shape the 
structure of primate genomes (Li et al. 2009) and play an important role in phylogenetic studies 
of primates (Salem et al. 2003; Roos et al. 2004; Ray et al. 2005; Schmitz et al. 2005; Xing et al. 
2005; Li et al. 2009; McLain et al. 2012; Meyer et al. 2012; Hartig et al. 2013; Schmitz et al. 
2016).  Alu elements are non-autonomous, non-long terminal repeat retrotransposons found in 
primate genomes. They are commonly used for these analyses due to their primate specificity, 
small size (~300 base pairs) and unidirectional mode of evolution (Ryan and Dugaiczyk 1989; 
Batzer and Deininger 1991; Perna et al. 1992; Batzer et al. 1994; Stoneking et al. 1997). Since 
they are unidirectional insertions, they allow for confident inference that the ancestral state of an 






Portions of this chapter previously appeared as J. N. Baker, J. A. Walker, M. W. Denham, C. D. Loupe III, 
and M. A. Batzer. 2018 Recently integrated Alu insertions in the squirrel monkey (Saimiri) lineage and 
application for population analyses. Mobile DNA 9:9. 
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 The squirrel monkey (genus Saimiri) is a small forest dwelling neotropical primate native 
to Central and South America that belongs to the family Cebidae. Squirrel monkeys are  
commonly used in biomedical research (Abee 2000; Galland 2000; Vanchiere et al. 2018) since 
they have similar immune systems to humans. In addition, squirrel monkeys are small and more 
easily handled compared to large Old World primates such as the rhesus macaque and 
chimpanzee.  Some of the biomedical studies focus on infectious disease, gene expression, 
cancer treatments, reproductive physiology, and viruses (Jung et al. 1999; Stevenson et al. 2000; 
Boyne et al. 2008; Walker et al. 2009; Cazalla et al. 2010; Tardif et al. 2011; Rogers et al. 2015). 
Species differences with regard to disease susceptibility has largely been overlooked until 
recently (Ward and Vallender 2012). 
 Prior to 1984, squirrel monkeys were considered a single species, Saimiri sciureus, with 
many subspecies geographically separated (Abee 2000). In 1984, Hershkovitz published a 
detailed taxonomy of squirrel monkeys. Hershkovitz divided Saimiri into two major groups, 
Saimiri boliviensis and Saimiri sciureus (Hershkovitz 1984).  The S. boliviensis group has one 
species that is subdivided into two subspecies, S. boliviensis boliviensis and S. peruviensis. The 
S. sciureus group consists of three species, S. sciureus, S. oerstedii and S. ustus, with the former 
two species harboring six subspecies (Hershkovitz 1984; Chiou et al. 2011). Subsequent (Boinski 
and Cropp 1999; Lavergne et al. 2010) studies using molecular and genetic data have generally 
supported this classification system. The samples used in this study represented both major 
groups as well as subspecies S. boliviensis peruviensis, S. oerstedii oerstedii, and S. sciureus 
macrodon (Table A 3.2). Given recent nomenclature changes, it is not surprising that some tissue 
samples or specimens from older studies/stocks in natural science museums may be labelled 
simply as Saimiri, squirrel monkey, or S. sciureus. This does not mean the samples are 
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necessarily mislabeled, but more likely represent incomplete identification due to limited 
availability regarding source animal data at the time of sampling. Studies to develop systems for 
Saimiri species identification have attempted to resolve this issue (Vandeberg et al. 1990; 
Boinski and Cropp 1999; Osterholz et al. 2008; Lavergne et al. 2010; Chiou et al. 2011) by using 
various types of genetic markers. Therefore, having more nuclear autosomal genetic markers, 
especially those which are identical by descent, such as Alu element retrotransposon insertions 
would increase the number of species informative genetic markers. 
 Few studies have been conducted on mobile element dynamics within New World 
primates; however, the studies available have provided great insight into their genomes. 
Specifically, Alu elements have given a good representation of genome evolution within and 
between species. Alu elements have been used to confirm family relationships between New 
World monkeys (NWM) (Singer et al. 2003; Ray and Batzer 2005; Ray et al. 2005; Osterholz et 
al. 2008). New World monkeys have been shown to have platyrrhine specific Alu element 
subfamilies--AluTa7, AluTa10, and AluTa15 (Ray et al. 2005). These subfamilies have amplified 
throughout the NWM lineage and have shown Cebus and Sapajus are sister taxa (Martins et al. 
2015). New world monkey specific subfamilies have also been used to investigate hybridization 
within the Saimiri lineage (Carneiro et al. 2016) and used as identification markers (Osterholz et 
al. 2008).  
 A detailed Alu subfamily analysis of Saimiri was recently reported by Baker et al 2017 
(Baker et al. 2017). In that study on the evolution of Alu subfamilies in the Saimiri lineage 
(Baker et al. 2017), 108 Alu subfamilies within the genome [saiBol1], with 46 of those unique to 
the Saimiri lineage and the other 62 being NWM subfamilies (Ray and Batzer 2005; Consortium 
2014), were reported. These subfamilies were defined based on diagnostic nucleotide 
 37  
 
substitutions, insertions, or deletions that were exclusively shared. Nearly half of the Alu 
subfamilies included members that appeared to be relatively young insertion events (≤ 2% 
sequence divergence from their respective consensus sequence). 
 The purposes of this study were to identify polymorphic Alu insertions to examine 
population structure in Saimiri and to identify recently integrated insertions that might be 
informative for species identification. To accomplish these goals, we targeted recently integrated 
insertions and designed locus specific PCR primers for at least five Alu elements from every 
subfamily that was identified as 'young'. 
Methods 
 
Alu Element Ascertainment  
 
 A data set of full length Alu elements from the Saimiri genome [saiBol1] was generated 
by using the Blat Table Browser. Alu full length elements plus 600 base pairs (bp) of flanking 
were obtained from the University of California Santa Cruz (UCSC) table browser. Full length 
elements are described as beginning within 4 bp of its respective consensus sequence and being 
≥ 267 bp. Saimiri specific elements were RepeatMasked using an in-house installation of 
RepeatMasker (Smit et al. 2013-2015) to determine the percent sequence divergence compared 
to their respective consensus sequences. Young elements, defined here as having a sequence 
divergence of ≤ 2% were retained for further analyses. We targeted at least five Alu element for 
experimental validation from each Alu subfamily computationally determined to contain young 
elements.  
Oligonucleotide Primer Design 
 Orthologous sequences to each respective Alu plus flanking were retrieved from human 
[hg38] and marmoset [calJac3] genomes using BLAT (Kent 2002). A multiple sequence 
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alignment was created for each locus using BioEdit (Hall 1999). Oligonucleotide primers for 
polymerase chain reaction (PCR) were designed using Primer3 (Koressaar and Remm 2007; 
Untergasser et al. 2012) with the following adjustments: Tm range= 57 -62, Max TmDifference 
=2, max poly x= 3, min Gc content=40. All primers were ordered from Sigma Aldrich 
(Woodlands, TX). A list of PCR primers and genomic locations is available in Table A 3.1. 
DNA Samples 
 
A list of Saimiri samples and their source information is available in Table A 3.2.  DNA 
samples from thirty-two (32) individuals were used in this study. Various tissue and DNA 
samples were obtained from multiple natural science museums and research centers. Labelled 
biomaterials were obtained for the following squirrel monkey species: Saimiri sciureus (10 
samples), Saimiri sciureus sciureus (2 samples), Saimiri boliviensis (14 samples), Saimiri 
boliviensis peruviensis (3 samples), Saimiri oerstedii oerstedii (1 sample), Saimiri sciureus 
macrodon (1 sample), and Saimiri “species unknown” (1 sample). DNA from tissue samples 
were prepared using proteinase K digestion followed by phenol: chloroform extraction and 
ethanol precipitation (Strauss 1998). Extracted DNA was stored in 10mM Tris/0.1mM EDTA 
(TLE) and quantified spectrophotometrically using an Eppendorf Biophotometer. The DNA 
panel and PCR format is shown in Table A 3.2 and Table A 3.3.  
Polymerase Chain Reaction Amplification  
 
 Polymerase chain reaction amplification was performed in 25 μL reactions that contained 
25-50 ng of template DNA, 200 nM of each primer, 1.5 mM MgCl2, 10x PCR buffer, 0.2 mM 
deoxyribonucleotide triphosphates and 1 unit of Taq DNA polymerase. The polymerase chain 
reaction protocol is as follows: 95°C for 1 minute, 32 cycles of denaturation at 94°C for 30 
seconds, 30 seconds at the respective annealing temperature, and extension at 72°C for 30 
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seconds, followed by a final extension step at 72°C for 2 minutes. Gel electrophoresis was 
performed on a 2% agarose gel containing 0.2 μg/mL ethidium bromide for 60 minutes at 175 V. 
UV fluorescence was used to visualize the DNA fragments using a BioRad ChemiDoc XRS 
imaging system (Hercules, CA). 
Alu Insertion Polymorphisms 
 
Following gel electrophoresis, genotypic data were recorded for each allele as follows: an 
individual who was homozygous present for a given Alu locus was assigned the code 1, 1; 
homozygous absent, 0, 0; and heterozygous, 1, 0. This binomial data sheet was used to calculate 
the allele frequency for each Alu insertion for the panel of 32 squirrel monkeys to evaluate the 
polymorphism rate. Allele frequency calculations were also performed separately for S. sciureus 
and S. boliviensis groups in an effort to identify species informative markers.  
DNA Sequencing 
 
 PCR validation experiments identified certain ambiguous conditions that warranted 
further evaluation by chain termination DNA sequencing (Sanger et al. 1977). There were two 
basic categories; 1) gel electrophoresis revealed PCR amplicons for the predicted present / absent 
sizes plus a larger amplicon of unknown identity in some individuals, 2) to confirm a shared Alu 
insertion event among seemingly misidentified individuals. Sanger sequencing experiments were 
performed as follows: Four PCR fragments per locus were gel purified using a Wizard SV gel 
purification kit (Promega Corporation, Madison, WI, USA, catalog A9282) according to the 
manufacturer’s instructions with the following modification. The 50 µl elution step was 
performed twice, resulting in 100 µl, which was then dried in a SpeedVac (ThermoSavant SPD 
111V). The DNA was reconstituted in 30 µl TVLE (Tris Very Low EDTA; 10mM Tris/ 0.05 
mM EDTA) and 4 µl was used for chain termination cycle sequencing using BigDye Terminator 
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v3.1. Cycle sequencing was performed under the following conditions: After initial denaturation 
at 95°C for 2 minutes, 40 cycles at 95 °C for 10 seconds, 50 °C for 5 seconds, and 60 °C for 4 
minutes were performed followed by a hold at 4°C. Sequencing reactions were cleaned by 
standard ethanol precipitation to remove any unincorporated dye terminators and then stabilized 
in 15 µl Hi-Di Formamide (Life Technologies, Inc.). Capillary electrophoresis was performed on 
an ABI 3130xl Genetic Analyzer (Applied Biosystems, Inc., Foster City, CA).Sequence quality 
was evaluated using ABI software Sequence Scanner v.2.0. Sequencing results were then 
analyzed using BioEdit (Hall 1999).  
Structure Analysis 
 
Population structure analyses were performed using Structure 2.3.4 software (Falush et 
al. 2003). Using genotype data from unlinked markers, this software performs a model-based 
clustering method to infer the population structure. For our initial analysis, the information 
regarding the origin of the samples was omitted. The analyses were performed under the 
admixture model which assumes that individuals may have mixed ancestry. The settings used to 
determine the estimated number of populations (K) were as follows: K ranging from 1 to 7 and 
10,000 burnin for 100,000 MCMC at 3 iterations. The most likely value of K was calculated to 
be three based on the “estimated ln probability” scores generated by Structure. Sometimes 
structure detects the upper most K value. Therefore, we used Structure Harvester (Earl and 
vonHoldt 2012) to assess all of the likelihood values for K=1 to 7 and determine the most likely 
number of population clusters. K=2 was determined to be the best fit for the data set. Structure 
was then run using the following settings: K (projected number of populations) = 2; 100,000 
burnin for 1 million MCMC at 5 iterations.  The data from 5 iterations were averaged to generate 
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the final data set. The final graph was generated in Excel. For comparison, a second Structure 
analysis was performed for K = 3 with the same parameters. 
Results 
 
Recently Integrated Alu insertions  
 
 Based on a recent analysis of the genome data from Baker et al. 2017 (Baker et al. 2017), 
and data generated from RepeatMasker (Smit et al. 2013-2015), we retained 48 Alu subfamilies 
in the [saiBol1] genome that contained members that were less than two percent diverged from 
their respective consensus sequence. Elements that are less than 2% diverged from their 
consensus sequence are considered to be relatively young, as they have not accrued many 
mutations since their insertion.  The data were organized in excel and sorted based on the 
number of elements per subfamily in various divergence categories (0.0, 0.5, 1.0, .5, and 2.0) 
(Bennett et al. 2008; Konkel et al. 2015). These data can be found in Table A 3.5.  Table 3.1 
displays the number of insertions in each divergence category. The elements descended in 
correlation to the divergence categories with the most elements being 2 percent diverged 
followed by 1.5, 1.0, 0.5, and 0.0 percent diverged. There were a total of 4184 young Alu 
elements identified in the genome having ≤ 2% sequence divergence from their respective 
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Table 3.1. Number of Alu elements in the entire genome for sequence divergence categories. 
Total number of Alu insertions in the [saiBol1] genome from a range of 0% to 2 % sequence 
divergence from their respective consensus sequence. The number of Alu insertions in each 
divergence category from the PCR validation experiments in this study and the number of fixed 















Fixed Loci  
0.0 7 6 2 4 
0.5 49 34 16 18 
1.0 395 106 37 69 
1.5 1493 168 44 124 
2.0 2240 68 11 57 
 
 In this study, we targeted at least N=5 young insertions from each Alu subfamily 
computationally determined to contain young elements. We successfully performed PCR 
validation experiments on 386 Alu insertion events having ≤ 2% sequence divergence from their 
respective consensus sequence (Table 3.2, A3.1, and A3.2). These loci represented 46 Alu 
subfamilies, 25 from Saimiri specific subfamilies (Baker et al. 2017) and 21 from NWM specific 
subfamilies (Ray and Batzer 2005; Consortium 2014). On a DNA panel of 32 squirrel monkey 
individuals (Table A3.3), 276 of the 386 loci were homozygous present for the Alu insertion and 
110 were polymorphic for insertion presence / absence. The number of loci analyzed per 
subfamily are listed in Table A3.1. The number of Alu insertions in each of the percent 
divergence bins from 0.0 to 2.0 is shown in Table 3.1. Table 3.1 illustrates that many insertions 
with very low sequence divergence have already reached very high allele frequency among 
squirrel monkey species (fixed present in our panel), while concurrently Alu insertions from all 
five divergence bins have elements that remain polymorphic in the population. 
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The dataset of polymorphic insertions included three loci with homozygous absent 
genotypes (0, 0) for the target Alu insertion in all 32 squirrel monkey individuals: L-21071-
subfam11, L-38701-sumfam32 and L-19471-Ta15. These Alu elements were ascertained from 
the reference genome [saiBol1] of S. boliviensis but the DNA for that reference individual was 
not available and therefore not included on our test panel. This very low allele frequency (near 
zero) is indicative of very recent insertion events. These results confirm the previously reported 
Alu subfamily network analysis (Baker et al. 2017) showing the existence of many young 
subfamilies. These data provide evidence for a prolific expansion of young Alu elements in the 
Saimiri lineage currently polymorphic between species. 
Sanger Sequencing Validation 
 
During PCR validation experiments certain ambiguous conditions occurred that 
warranted further evaluation by traditional Sanger sequencing (Sanger et al. 1977). These 
conditions had two basic categories. One, gel electrophoresis revealed PCR amplicons for the 
predicted present / absent sizes plus a larger amplicon in some individuals. This occurred for 
three loci and the details are outlined in Table A3.4. DNA sequencing of the larger amplicon 
determined that the loci contained more than one Alu element or an extra Alu element between 
the original PCR primers.  These non-reference (not present in the [saiBol1] genome) Alu 
insertions appeared to be polymorphic across the various species in the DNA panel. The 
genotypes for these three extra Alu polymorphisms are recorded with the locus ID –“Alu-2”. The 
second category which required Sanger sequencing was to confirm a shared Alu insertion event 
among seemingly misidentified individuals. Specifically, when genotype data for individuals 
labelled S. sciureus, and believed to be common squirrel monkeys, matched more closely to the 
S. boliviensis group, sequencing was warranted. An example of this is shown in Figure 3.1. 
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Forty-five loci from the dataset of 386 matched this condition. We sequenced 28 of the 45 and it 
was determined that all amplicons except one were the same Alu element identified in the 
reference genome. Only one amplicon was a near parallel insertion (Locus 16089, individual 
UWBM# 75531).
 
Figure 3.1. Gel Image of Polymorphic Loci 35154 (JH378108:33053451-33054957). This image 
displays a polymorphic loci in the Saimiri genome [saiBol1]. Lanes: 1- 100bp ladder, 2- TLE 
(Negative control), 3- Human (HeLa), 4-Callithrix jacchus (Common marmoset), 5-16  Saimiri 
sciureus (Common squirrel monkey), 17-32 Saimiri boliviensis (Bolivian squirrel monkey), 33-
35 Saimiri boliviensis peruviensis (Peruvian squirrel monkey), 36- Saimiri oerstedii oerstedii 
(Panamanian red back squirrel monkey), 37- Saimiri sciureus macrodon, 38-Saimiri sp. The 
presence of the Alu element is indicated by the ~ 655 bp band and the absence by the ~ 346 bp 
band. Species with multiple individuals are grouped together by colored brackets (Orange- 
Common squirrel monkey, Blue- Bolivian squirrel monkey, Green-Peruvian squirrel monkey). 
Lanes 5(UWBM# 75531) and 10(MVZ Mamm 193661) share an insertion with the Bolivian 
squirrel monkeys whom are either homozygous present or heterozygous for the insertion (lanes 
15-31). Lane 34 (species unknown) is heterozygous for the insertion. 
 
Population Structure 
 Following PCR and gel electrophoresis, genotypes for the 32 squirrel monkey individuals 
were recorded in an excel spreadsheet as follows: homozygous absent for the reference Alu 
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insertion, (0, 0), homozygous present for the target Alu insertion (1, 1) and heterozygous as (1, 0) 
. During genotype analysis we identified 26 loci (of 386) with >25% missing data due to poor 
PCR (highlighted in tan in the genotype spreadsheet; Table A 3.6). Most of these (23) were 
homozygous present for the insertion and would not influence population structure, but 3 were 
from the polymorphic dataset. These were omitted from the population structure analysis. Also, 
the samples from the KCCMR S. boliviensis breeding colony included two known sibling pairs, 
one sibling from each sibling pair was omitted from the Structure analysis (Falush et al. 2003). 
 To determine the value of K (where K equals the number of population clusters) with the 
highest likelihood, initially K was set from 1 to 7. The initial burn-in period was set at 10,000 
iterations and followed by a run-length of 100,000 MCMC and repeated three times. The most 
likely value of K was calculated to be three based on the “estimated ln prob of data” scores 
generated by Structure. The authors of Structure indicate that this method is generally accurate 
with small data sets, but acknowledge it is still an estimate of K. Therefore, we also employed 
the Delta K method by Evanno (Evanno et al. 2005) implemented using Structure Harvester 
(Falush et al. 2003). The Delta K method is widely accepted in the literature as an accurate 
estimate of the true K. Here, the Delta K was calculated to be K = 2. The structure results for K = 
2 are shown in Figure 3.2. In general, Cluster 1 contains individuals previously labelled as 
common squirrel monkeys and Cluster 2 contains individuals previously labelled as Bolivian 
squirrel monkeys. However, there is a large amount of admixture in some individuals (a mixture 
of Cluster 1 & 2). These admixed appearing individuals were previously labelled as common 
squirrel monkey (UWBM # 75531 & MVZ Mamm 193661), Bolivian squirrel monkey (LSUMZ 
M-4970, MVZ Mamm 196008), Peruvian squirrel monkey (3526, 2291, KB1791), Ecuadorian 
squirrel monkey (KB17915) and species unknown (MVZ Mamm 196089). The results of this 
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Structure analysis are generally consistent with the geographic ranges of the Saimiri species and 
subspecies. Maps of the geographic ranges can be found in Hershkovitz 1984 and Chiou et al 
2011(Hershkovitz 1984; Chiou et al. 2011). Sample KB7456 is the only member of the S. 
oerstedii species on our panel. This species is the Panamanian squirrel monkey located in Central 
America. 
 
Figure 3.2. Population Structure analysis based on 110 Alu insertion polymorphisms and 32 
squirrel monkey individuals for K=2. The percent assignment of each individual to K = 2 
clusters is shown on the Y-axis. The ID numbers and species names shown on the X-axis. K=2 
captures the population structure of the two Saimiri groups, S. sciureus and S. boliviensis, and is 
consistent with the geographic origins of these samples. 
 
 The geographic range of S. oerstedii is closer to the S. sciureus group than to the S. 
boliviensis group (Hershkovitz 1984; Chiou et al. 2011) and Structure assigns this individual to 
Cluster 1. The geographic “locality” provided for sample MVZ Mamm 193661 (clusters with 
Bolivian) is the Acre region of Brazil (Table A 3.2) and it is labelled Saimiri sciureus ssp. The 
Acre region is consistent with the geographic range of S. sciureus macrodon and borders the 
region of S. boliviensis peruviensis (Hershkovitz 1984). S. sciureus macrodon are the Ecuadorian 
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squirrel monkeys native to Peru. Therefore, we can interpret these results as meaning that MVZ 
Mamm 193661 has an incomplete identification, rather than being misclassified. MVZ Mamm 
193685 was also labelled as Saimiri sciureus ssp. The geographic locality provided for this 
sample is the Penedo region of Brazil, consistent with the geographic range of Saimiri sciureus 
sciureus, and consistent with the Structure assignment to Cluster 1. MVZ Mamm 196089 is 
labelled Saimiri sp, indicating the species is not known. The geographic locality listed for this 
sample is the Sao Jose region of Brazil, the same locality as reported for MVZ Mamm 196088, 
and consistent with the geographic range of S. boliviensis. Therefore, we can infer that this 
dataset accurately captures the majority of the geographic population structure among Saimiri 
species. 
However, the original “estimated ln prob of data” scores generated by Structure 
suggested that K = 3 was likely. In an effort to make sure our interpretations of the data were 
accurate, we also tested K = 3 (Figure 3.3 and Table A 3.7). In Figure 3.3, the samples from JAV 
(DNA originally from KCCMR) and KCCMR appear to be isolated and more genetically similar. 
If the dataset is analyzed using K = 3, the third cluster is formed by isolating the ten members in 
the dataset from the KCCMR S. boliviensis captive breeding colony into its own cluster (shown 
in gray in Figure 3.3), the remaining individuals segregate into the other two clusters similar to 
their respective assignments in the K = 2 analysis (orange and blue).  To further investigate this 
observation we analyzed the Fst values for K=2 and 3 for all of the clusters (Table 3.3). When K 
= 2 Fst values are similar, which implies the populations share genetic diversity. When K = 3 
two clusters have similar values and one cluster has an extremely low value of 0.3391. A value 
of 0.3391 would imply that the individuals in Cluster 3 may be sharing genetic material through 
high levels of inbreeding and appears to be an isolated group in Figure 3. While K = 2 captures 
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the primary geographic origins of the Saimiri populations, K = 3 is also reasonable as it reveals 
genetic evidence of inbreeding among members of a captive colony. 
 
Figure 3.3. Population Structure analysis based on 110 Alu insertion polymorphisms and 32 
squirrel monkey individuals for K=3. The percent assignment of each individual to K=3 clusters 
is shown on the Y-axis. The ID numbers and species names shown on the X-axis. K=3 captures 
the population structure of two Saimiri groups, S. sciureus and S. boliviensis. K=3 also depicts 
genetic isolate within the S.boliviensis samples. 
 
Species Informative Alu Polymorphisms 
 Within the dataset of 110 polymorphic Alu insertions, there were 51 with species 
informative allele frequency distribution between Saimiri sciureus and Saimiri boliviensis.  A 
locus was categorized as species informative if it was present at a high frequency in one species 
and generally absent in the other. These are listed in Table 3.4.  The 14 S. boliviensis group have 
an allele frequency of 80-100% whereas the 12 samples labelled S. sciureus have a group allele 
frequency of 0-20% on average (Table 3.4). If we omit samples 75531 and 193661 from the S. 
sciureus group due to the Structure data (described above) showing that these two samples 
justifiably clustered more closely with the S. boliviensis group, then the group allele frequency in 
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the S. sciureus group drops to near zero (0.5% on average) (Table 3.4). These 51 Alu insertion 
events represent 26 different Alu subfamilies, 10 Saimiri lineage specific subfamilies reported in 
Baker et al 2017 (Baker et al. 2017) and 12 NWM Alu subfamilies discovered previously in 
Marmoset (Consortium 2014). 
Table 3.2. PCR validation results for each Alu subfamily. * Three loci in the polymorphic 
column, L-21071-subfam11, L-38701-sumfam32 and L-19471-Ta15, were homozygous absent 



































subfamily N fixed polymorphic subfamily N fixed polymorphic
1 sf36 14 10 4 25 subfam15 5 4 1
2 sf37 12 10 2 26 subfam17 1 1 0
3 sf38 16 11 5 27 subfam18 1 1 0
4 sf42 24 15 9 28 subfam2 3 3 0
5 sf44 17 14 3 29 subfam21 1 1 0
6 sf46 15 9 6 30 subfam26 11 9 2
7 sf47 11 7 4 31 subfam27 1 1 0
8 sf51 16 8 8 32 subfam29 6 4 2
9 sf52 17 14 3 33 subfam30 1 1 0
10 sf53 3 2 1 34 subfam32 15 11 4*
11 sf62 12 7 5 35 subfam36 12 7 5
12 sf63 16 11 5 36 subfam37 4 4 0
13 sf65 1 1 0 37 subfam39 5 4 1
14 sf66 13 10 3 38 subfam4 7 5 2
15 sf71 14 12 2 39 subfam43 8 7 1
16 sf73 11 5 6 40 subfam45 3 3 0
17 sf82 15 10 5 41 subfam47 1 1 0
18 sf85 3 1 2 42 subfam5 9 5 4
19 sf86 11 9 2 43 subfam7 1 1 0
20 subfam0 9 6 3 44 subfam9 4 3 1
21 subfam11 3 1 2* 45 Ta10 5 5 0
22 subfam12 12 7 5 46 Ta15 5 4 1*
23 subfam13 2 2 0
24 subfam14 6 5 1 Total 382 272 110
PCR validation results for each Alu  subfamily
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Table 3.3. Average Fst values for K (estimated population clusters) equals 2 and K equals 3. If 
K=2, Fst values are similar which implies genetic similarity between populations. If K=3, Fst 
values are similar for two population clusters and one cluster has an extremely low value of 
0.3391. That extremely low value implies Cluster 3 is sharing genetic material through 












An analysis of a large number of Alu insertions from many different Alu subfamilies, and 
a diverse DNA panel of squirrel monkeys, allowed us to determine the Alu insertion diversity in 
the Saimiri lineage. This suggests that many different Alu subfamilies were active in Saimiri and 
generated new Alu insertions.  These data also support the stealth model of Alu amplification 
(Han et al. 2005) in which relatively older Alu subfamilies are still producing new copies. In this 
case, the AluTa subfamily (Ray 2007) is estimated to have originated about 15 MYA). 
However, this study also has limitations, considering only one Saimiri species has a 
sequenced genome, S. boliviensis. The Alu elements in this study were ascertained from the 
reference genome [saiBol1] of a Bolivian squirrel monkey. The allele frequency data for the 
polymorphic insertions reflect the inherent single genome frequency spectrum ascertainment 
bias. Within the dataset of 51 polymorphic Alu insertions with species informative allele 
frequency distribution between Saimiri sciureus and Saimiri boliviensis samples, the S. 
boliviensis group has a relatively high allele frequency (~80-100%) whereas the S. sciureus 
group has a very low allele frequency (near zero) (Table 4). However, the three new 
polymorphic Alu insertions discovered during Sanger sequencing appear to be S. sciureus 
Average Fst Values for K=2 and K=3.   
K Value Cluster Number  Average Fst 
K=2 1 .7747 
K=2 2 .6950 
K=3 1 .8014 
K=3 2 .7639 
K=3 3 .3391 
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derived, rather than S. boliviensis derived (Additional File 1, genotypes worksheet). As more 
whole genome sequence data become available for Saimiri species, the frequency spectrum 
limitation due to ascertainment from a single reference genome will diminish. Thus, a more 
comprehensive assessment of Alu mobilization dynamics among Saimiri species will be 
attainable. 
Prior to 1984, squirrel monkeys were considered a single species, named Saimiri sciureus, with 
many subspecies geographically separated (Abee 2000). Therefore, it is not surprising that some 
archival tissue samples from natural science museums or specimens from older studies may have 
typically been labelled simply as Saimiri, squirrel monkey, or S. sciureus. This does not mean 
they are necessarily mislabeled, but more than likely represent incomplete identification due to 
limited availability regarding source animal data at the time of sampling. Although we have no 
direct confirmation that this occurred with some of the samples in our DNA panel, the genetic 
diversity evidence from the Structure analysis in this study suggests it is likely. Individuals 
UWBM#75531, MVZ Mamm 193661 and MVZ 196089 in particular had ambiguous amplicons 
in 45 different Alu loci. Based on our Sanger sequencing, geographic locality and the Structure 
data, we believe these individuals may have previously been “under-classified” and they are 
most closely related to the Ecuadorian squirrel monkeys, S. sciureus macrodon, or the Peruvian 
squirrel monkeys S. boliviensis peruviensis. Considering there were only three Peruvian squirrel 
monkeys and one Ecuadorian squirrel monkey on the DNA panel, a larger sample size with more 
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Table 3.4. Allele frequency data for 51 polymorphic Alu insertions with species informative 
distribution between S. sciureus and S. boliviensis squirrel monkey species. Column C. with only 
ten S. sciureus samples has #75531 and #193661 ommitted from the calculation because they 
clustered more closely with the Bolivian cluster (See Figure 3). The 14 S. boliviensis group have 
an allele frequency of 80-100% whereas the 12 samples labelled S. sciureus have a group allele 
frequency of 0-20%. With #75531 and # 193661 omitted in column C, the group allele frequency 
in the S. sciureus group drops to near zero (0.5% on average) These 51 Alu insertion 
polymorphisms represent 26 different subfamilies:  10 Saimiri lineage specific Alu subfamilies 
repored in Baker et al 2017 (Baker et al. 2017) and 16 NWM Alu subfamilies discovered in 
marmoset (Consortium 2014). 
 
a. N=12 b. N=14 c. N=10
Alu Locus Name Saimiri sciureus Saimiri boliviensis Saimiri sciureus
1 L-20858-sf38 0.000 0.893 0.000
2 L-40335-subfam32 0.000 0.893 0.000
3 L-21370-subfam26 0.083 1.000 0.000
4 L-26673-subfam29 0.167 0.857 0.000
5 L-16089-Subfam26 0.167 1.000 0.050
6 L-27488-subfam4 0.167 1.000 0.000
7 L-27102-subfam5 0.083 0.929 0.000
8 L-29927-Subfam4 0.150 0.964 0.056
9 L-22568-sf37 0.167 0.929 0.000
10 L-18103-subfam11 0.125 0.964 0.050
11 L-11426-sf51 0.182 1.000 0.000
12 L-14471-sf63 0.083 0.964 0.000
13 L-19033-sf66 0.000 0.833 0.000
14 L-12684-sf63 0.000 0.786 0.000
15 L-1748-subfam0 0.167 1.000 0.000
16 L-13945-sf46 0.042 1.000 0.000
17 L-20802-sf62 0.167 1.000 0.000
18 L-17843-sf62 0.167 0.913 0.000
19 L-6918-subfam43 0.208 0.964 0.050
20 L-31469-subfam29 0.042 0.929 0.000
21 L-24998-subfam36 0.000 1.000 0.000
22 L-40504-sf42 0.167 1.000 0.000
23 L-26020-sf85 0.167 1.000 0.000
24 L-33213-sf86 0.167 1.000 0.000
25 L-2485-sf82 0.042 1.000 0.000
26 L-35028-sf63 0.125 1.000 0.000
27 L-18718-sf62 0.167 1.000 0.000
28 L-6892-sf71 0.167 1.000 0.000
29 L-7578-sf82 0.167 1.000 0.000
30 L-19942-sf73 0.167 1.000 0.000
31 L-20830-sf73 0.200 1.000 0.000
32 L-25034-subfam36 0.167 0.923 0.000
33 L-38119-subfam12 0.167 0.964 0.000
34 L-30099-sf52 0.167 1.000 0.000
35 L-36916-subfam12 0.208 1.000 0.050
36 L-8051-sf42 0.167 1.000 0.000
37 L-24655-s42 0.167 0.964 0.000
38 L-39021-sf51 0.167 1.000 0.000
39 L-16832-sf82 0.083 0.929 0.000
40 L-20778-sf73 0.167 1.000 0.000
41 L-37765-sf82 0.111 1.000 0.000
42 L-30633-sf86 0.125 1.000 0.000
43 L-431-sf66 0.125 1.000 0.000
44 L-20383-sf36 0.167 1.000 0.000
45 L-30828-subfam5 0.167 0.893 0.000
46 L-22291-sf46 0.125 0.893 0.000
47 L-25257-sf42 0.167 1.000 0.000
48 L-26813-sf42 0.125 1.000 0.000
49 L-28766-sf38 0.167 1.000 0.000
50 L-38773-sf44 0.167 1.000 0.000
51 L-10445-sf46 0.000 0.857 0.000  




 Many different Alu subfamilies were active in the Saimiri genome producing a large 
number of young polymorphic insertions. These young polymorphic Alu insertions provide a 
valuable resource for species identification and population structure within Saimiri.  This dataset 
may prove useful to natural science museums that may contain archival tissue samples labelled 
simply as “Saimiri” or “squirrel monkey” due to limited data available about the source animal at 
the time of sampling. Some of these samples may now be further classified at the species level 
and possibly even at the subspecies level, with this dataset. Future whole genome sequencing 
studies will further elucidate these findings. 
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CHAPTER FOUR: ANALYSIS OF LINEAGE-SPECIFIC ALU 




           Alu elements are non-autonomous, non-long terminal repeat (non-LTR) retroposons found 
in high copy numbers in the genomes of primates (Cordaux and Batzer 2009; Konkel et al. 
2010). They consist of a left and right monomer separated by an A-rich middle linker region, 
along with an A-rich tail at the 3’ end of the element (Jurka and Zuckerkandl 1991; Deininger 
2011). These elements mobilize using proteins encoded by LINE-1 elements (L1s), via a 
retrotransposition mechanism termed Target Primed Reverse Transcription (TPRT) (Luan et al. 
1993; Dewannieux et al. 2003). This mechanism allows for the creation of new copies of the 
element and for these copies to be inserted at novel locations in the genome Reviewed in (Batzer 
and Deininger 2002; Cordaux and Batzer 2009; Konkel et al. 2010; Levin and Moran 2011). Alu 
elements are short (approximately 300 base pairs (bp)), making them relatively easy to amplify 
and genotype via polymerase chain reaction (PCR) and agarose gel electrophoresis. They have 
also been useful for phylogenetic and population genetics analyses, as they are nearly homoplasy 







Portions of this chapter previously appeared as C. J. Steely*, J. N. Baker*, J. A. Walker, C. D. Loupe III, The 
Baboon Genome Analysis Consortium, and M. A. Batzer.2018. Analysis of lineage-specific Alu subfamilies in the 
genome of the olive baboon, Papio anubis. Mobile DNA 9:10. 
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Hence, they have been used in a number of molecular studies over the last few decades (Batzer et 
al. 1994; Stoneking et al. 1997; Hamdi et al. 1999; Schmitz et al. 2001; Watkins et al. 2001; 
Salem et al. 2003; Watkins et al. 2003; Schmitz et al. 2004; Ray et al. 2005a; Ray et al. 2005b; 
Witherspoon et al. 2006; Kriegs et al. 2007; Li et al. 2009; Meyer et al. 2012; Hartig et al. 2013; 
McLain et al. 2013).  
           Alu elements can be broken down into subfamilies based on diagnostic mutations (Slagel 
et al. 1987; Willard et al. 1987; Britten et al. 1988; Jurka and Smith 1988). There are 3 major 
subfamilies of Alu elements: J, S, and Y (Batzer et al. 1996). These major subfamilies of Alu 
elements can be further expanded based on diagnostic mutations that they have accrued over 
millions of years (Deininger et al. 1992). Some subfamilies of elements can be shared within a 
number of closely related taxa, but other recent studies have identified elements that are unique 
to only a particular species or genus (McLain et al. 2013; Baker et al. 2017). This parallel 
evolution of Alu subfamilies results in each primate lineage having its own network of recently 
integrated Alu subfamilies (Konkel et al. 2010). The recent work of the Baboon Genome 
Analysis Consortium has revealed a great deal of information about the content of the baboon 
genome, including a much higher rate of AluY mobilization than seen in other primates (Rogers 
et al.). Previous work on Alu elements in baboons has already been informative for population 
structure, species identification, and as a polymorphic marker for hybrid individuals in the field 
(Szmulewicz et al. 1999; Steely et al. 2017; Walker et al. 2017).  
Baboons (genus Papio) are found throughout sub-Saharan Africa in distinct ranges with 
slight overlap. There are six species of baboons that are part of most recent studies, including: 
yellow baboon (Papio cynocephalus), olive baboon (Papio anubis), hamadryas baboon (Papio 
hamadryas), guinea baboon (Papio papio), chacma baboon (Papio ursinus), and the kinda 
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baboon (Papio kindae). These six baboons are largely differentiated based on morphological 
differences (size, pelage coloration), as well as geographic range, dispersal, and social traits 
(Rogers et al. ; Charpentier et al. 2008; Swedell et al. 2011; Fischer et al. 2017). Though they 
differ in the above ways, many of these species are also known to be interfertile, with a number 
of studies examining their active hybrid zones (Maples and McKern 1967; Jolly et al. 1997; 
Alberts and Altmann 2001; Jolly et al. 2011; Charpentier et al. 2012). Given their anatomical and 
physiological similarity to humans, baboons have been used for a number of medical studies, and 
have proven particularly valuable for cardiovascular studies (Premawardhana et al. 2001; Cox et 
al. 2013; Yeung et al. 2016). In this study, due to the rapid mobilization of AluY elements in 
baboons reported in Rogers et al, and the recent utility of Alu elements for studies in baboons, we 
aimed to analyze the expansion of Alu subfamilies in the genome of the olive baboon, Papio 
anubis. 
Methods 
Ascertainment of Baboon-Specific Alu Elements 
 Loci were ascertained by first using RepeatMasker (Smit et al. 2013-2015) on the 
reference genome of the olive baboon, Papio anubis (Panu_2.0). Alu elements were parsed out of 
the resulting RepeatMasker file. The sequence of each full length (starts at or before position 4 in 
the element and ends after position 266) AluY insertion, along with 500 bases of flanking in 5’ 
and 3’ direction of the Alu element, was compared to the rhesus macaque (rheMac8) and human 
(hg19) reference genomes using BLAT (Kent 2002). We then compared the resulting BLAT files 
for any locus that had an appropriate gap size in the genomes that would indicate an insertion 
that was only present in the genome of the olive baboon. 
 
 62  
 
COSEG Analysis & Network Figure Creation  
Our Papio specific set of Alu elements was aligned to the AluY consensus sequence 
(Jurka et al. 2005) using cross_match (http://www.phrap.org/phredphrapconsed.html; last 
accessed December 2017). The data set was then analyzed via COSEG 
(www.repeatmasker.org/COSEGDownload.html; last accessed November 2017) to determine 
subfamilies. The middle A-rich region of the AluY consensus sequence was omitted while tri and 
di segregating mutations were considered. Using these criteria, a set of ten or more identical 
sequences was considered an individual Alu subfamily. A network analysis of all subfamilies of 
Alu elements identified by COSEG was created by uploading the source and target subfamily 
information into Gephi (v0.9.1) (Bastian et al. 2009).  
Oligonucleotide Primer Design 
 Primers were designed using an in house Python script that utilized BLAT, MUSCLE 
(v3.8.31) (Edgar 2004), and a modified version of Primer3 (Untergasser et al. 2012). Briefly, 
target sequences acquired from the genome of the reference olive baboon and orthologous 
sequences were found in human (hg19), chimpanzee (panTro4), and rhesus macaque (rheMac8) 
using BLAT. These sequences were then aligned using MUSCLE, and potential oligonucleotide 
primer locations were identified using Primer3. Oligonucleotide primers for PCR were ordered 
from Sigma Aldrich (Woodlands, TX). A complete list of PCR primers and genomic locations is 
available in Table A4.2. 
Polymerase Chain Reaction Assays 
The PCR format and the DNA samples used for PCR assays are reported in Table A4.1. 
We attempted to analyze at least 5 Alu insertions from each of the 9 main groups of Alu 
subfamilies in this report. PCR amplification was performed in 25 μL reactions that contained 
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25-50 ng of template DNA, 200 nM of each primer, 1.5 mM MgCl2, 10x PCR buffer, 0.2 mM 
deoxyribonucleotide triphosphates and 1 unit of Taq DNA polymerase. The PCR protocol is as 
follows: 95°C for 1 minute, 32 cycles of denaturation at 94°C for 30 seconds, 30 seconds at a 
57°C annealing temperature, and extension at 72°C for 30 seconds, followed by a final extension 
step at 72°C for 2 minutes. Gel electrophoresis was performed on a 2% agarose gel containing 
0.2 μg/mL ethidium bromide for 60 minutes at 200 V. UV fluorescence was used to visualize the 
DNA fragments using a BioRad ChemiDoc XRS imaging system (Hercules, CA). Loci that did 
not amplify clearly were re-run using the JumpStart Taq DNA Polymerase kit from Sigma 
Aldrich. 
Nucleotide Model Selection & Tree Design 
The consensus sequence of each identified Alu subfamily was input into jModelTest-2.17 
(Darriba et al. 2012) for analysis and to determine the best model of nucleotide evolution for the 
data set. The Akaike Information Criterion (AIC) model selected was Trn+G, which includes 
variable base frequencies with equal transversion rates, but variable transition rates. The 
Bayesian Information Criterion (BIC) selected was TrNef+G, which includes equal base 
frequencies, equal transversion rates, but variable transition rates. 
The AIC model selected by jModelTest was input into PhyML (Guindon et al. 2010), 
which was used to create the maximum likelihood tree, and the BIC model selected by 
jModelTest was input into BEAST (v2.4.6) (Bouckaert et al. 2014), which was used to create the 
Bayesian tree. The TreeAnnotator program in BEAST was then used to summarize the 
information from the BEAST output, and FigTree (v1.4.3) 
(http://tree.bio.ed.ac.uk/software/figtree/) was then used to visualize and create figures for both 
the maximum likelihood and Bayesian trees.  
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Results 
COSEG Analysis and Alignment 
 In this study, through the use of python scripts and BLAT comparisons to the genomes of 
human and rhesus macaque, we ascertained and examined a total of 28,114 baboon-specific, full-
length Alu element insertions. We used the genome of the rhesus macaque as an outgroup for 
comparison, as the Papio lineage diverged from the macaque lineage roughly 8 million years ago 
and our primary interest was finding elements that were unique to the genome of the baboon. 
Cross_match (see methods) was used for pairwise alignment, and these insertions were uploaded 
and analyzed by COSEG, producing 129 distinct Alu subfamilies for further investigation. The 
consensus sequence for each of these 129 Alu subfamilies is available in Table A4.3. These 
subfamilies were uploaded into Gephi for visualization (Figure 4.1 with a high resolution PDF 
available in Figure A4.1). There are 9 major clusters of Alu elements (assigned a cluster number 
1-9) that radiate from a single, central node (Subfamily 0) as shown in Figure 4.1. Our 
subfamilies expand in a star-burst pattern, similar to bush-like shaped expansions of Alu 
elements previously reported (Cordaux et al. 2004). It is important to note that the subfamily 
names assigned by the COSEG output are random, and not numerically ordered to be indicative 
of the network of source and offspring elements.  
 To determine if the subfamilies were novel, we aligned the consensus sequences of the 
subfamilies that were produced by COSEG with one another and to Alu elements from RepBase 
(Jurka et al. 2005) using MUSCLE (Figure 4.2). The resulting MUSCLE output was visualized 
in BioEdit (Hall 1999) to determine if these subfamilies were novel or had been previously 
discovered.  We found that 127 of 129 subfamilies were newly discovered in this study, with 
only two of these subfamilies that had been previously identified. 
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Figure 4.1.  Network analysis of the COSEG assigned subfamilies, with each identified 
subfamily as a single node. Related subfamilies are clustered together, are connected by lines, 
and all branch out from the central node (labeled Cluster 1, shown in purple). Line length 
between subfamilies is not indicative of number of mutations or evolutionary time between 
subfamilies.  
 
Subfamily 70 aligned to the consensus sequence of AluY, and Subfamily 0 aligned with 
the consensus sequence of AluMacYa3, previously discovered in the genome of the rhesus 
macaque and reported in Repbase (Smit, A. F. AluMacYa3-SINE1 SINE from Macaca. Direct 
submission to Repbase Update (06-Sep-2005)). The central subfamily for Clusters 2, 3, and 4 (as 
numbered in Figure 4.1) were aligned, along with the central subfamily for Cluster 7, 8, and 9 
(Figure 4.2). As the clusters radiate outward from Cluster 1, they accrue more mutations, 
allowing for the visualization of subfamily specific evolution. 
In order to confirm our computational findings, we designed oligonucleotide primers 
using an in-house Python script and analyzed 233 young (< 2% diverged from the consensus 
sequence) insertions through locus specific PCR and gel electrophoresis (Figure 4.3). With these 
233 assays, we were able to confirm the presence of 113 of our 127 (89%) novel subfamilies. We 
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also successfully amplified at least five insertions from each of the nine major clusters shown in 
Figure 4.1. The 14 subfamilies that were not successfully PCR validated were reviewed and we 
found that these loci were in repeat-rich genomic regions, limiting the effectiveness of these 
particular assays. Detailed information for each locus examined, as well as primer information 
and allele frequency data can be found in Table A4.2. 
 Full length Alu elements from each of the 9 clusters were identified and examined for 
divergence from the consensus sequence. We found a total of 19,888 full length elements that 
were classified by RepeatMasker to be members of novel subfamilies discovered in this study. 
12,800 (~64%) of these Alu repeats were determined to be less than 2% diverged from their 
respective consensus sequence (Table 4.1). Elements that are less than 2% diverged from their 
consensus sequence are considered to be relatively young, as they have not accrued many 
mutations since their insertion (Bennett et al. 2008; Konkel et al. 2015). The percentage of 
elements less than 2% diverged from their consensus sequence varies from cluster to cluster, and 
though the sample size of elements that were analyzed by PCR was modest for some of the 
clusters, the allele frequency among the individuals of genus Papio for each cluster was far from 
fixation, ranging from ~40% to ~66% (Table 4.1).    
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Figure 4.2. Alignment of consensus sequence for Alu subfamilies positioned in the central node 
of radiating clusters illustrated in Figure 4.1. A. Alignment of central subfamilies from Clusters 
2, 3, and 4. This alignment shows the accumulation of diagnostic mutations that have occurred 
over time. Subfamily 41 (Cluster 3) acquired new mutations when compared to Subfamily 32 
(Cluster 2), and Subfamily 42 (Cluster 4) shares diagnostic mutations with Subfamily 41 while 
acquiring additional mutations. B. Alignment of central subfamilies from Clusters 7, 8, and 9 
showing a similar acquisition of diagnostic mutations over time. Subfamily 16 (Cluster 8) 
acquired mutations when compared to Subfamily 3 (Cluster 7), and Subfamily 17 (Cluster 9) 
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Figure 4.3. A. Agarose gel chromatograph of a polymorphic, Papio-specific Alu insertion (found 
at chr3:168089568-168090568). Each lane of the gel is labeled at the top of the image. 100bp 
DNA ladder is seen in lanes 1 and 18, and lane 2 is a TLE negative control. The filled (insertion 
present) (~590bp) site is seen only in the reference olive baboon individual (lane 4), and empty 
(insertion absent) sites (~275bp) are seen in all other individuals. B. Agarose gel chromatograph 
of a polymorphic, Papio-specific Alu insertion (found at chr4:144885392-144886392). The 
empty site is found in lane 3 (HeLa, human control), lanes 7 and 8 (chacma baboons), lane 11 
and 12 (kinda baboons), lane 14 (one yellow baboon), and lanes 16 and 17 (gelada baboons). The 
filled site can be seen in lanes 4-6 (olive baboons), 9 and 10 (guinea baboons), lane 13 (one 
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Table 4.1. Number of elements, divergence data, and allele frequency within individuals of 




 jModelTest-2.17 was used to determine the best nucleotide model for creating a 
phylogenetic tree. Following the best model selected by jModelTest, we created both a Bayesian 
tree, using the BIC model chosen by jModelTest (Figure 4.4 with a high resolution PDF 
available in Figure A4.2), and a maximum likelihood tree using the AIC model chosen by 
jModelTest (Figure A4.3). Both trees were rooted using subfamily 70, which was found to match 
the consensus sequence of AluY. The maximum likelihood tree shows many unresolved 
relationships between subfamilies; however, the general grouping of subfamilies is similar to 
those observed in Figure 4.1. The Bayesian tree is more resolved and displays a defined 
branching pattern between all subfamilies. The Bayesian tree also displays subfamily 
relationships that are highly similar to the relationships determined by COSEG displayed in 
Figure 4.1. Based on the Bayesian tree and alignments, we were able to determine the relative 
radiation of our Alu subfamilies and their possible derivatives. 
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Figure 4.4. Bayesian tree created in BEAST, showing the relationship between subfamilies. The 
tree was rooted using the AluY consensus sequence (Subfamily 70). Each branch is colored 
based on the color of the cluster shown in Figure 4.1 that the subfamily belongs to. 
 
Discussion 
 The results of this study show an ongoing expansion of Alu elements in the Papio 
lineage, with more novel recently integrated subfamilies of Alu elements present than in any 
other previously analyzed human or non-human primate genome (Lander et al. 2001; The 
Chimpanzee and Analysis 2005; Gibbs et al. 2007; Han et al. 2007; Locke et al. 2011; Stewart et 
al. 2011; McLain et al. 2013; Carbone et al. 2014; The Marmoset Genome and Analysis 2014; 
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Warren et al. 2015; Baker et al. 2017). This large number of novel Alu subfamilies present in the 
lineage supports the results of the Baboon Genome Analysis Consortium, which showed that the 
baboon lineage has undergone a rapid expansion of Alu elements (Rogers et al.).  
Of the nine clusters and 127 novel Alu subfamilies reported here, all of the elements 
(Figure 4.1) appear to be derived from subfamilies discovered in the genome of Rhesus macaque 
(Han et al. 2007). The central subfamily of Cluster 1, which was determined to match the 
consensus sequence of AluMacYa3, seems to be the source or parent to a large number of closely 
related subfamilies. All of the members of Cluster 6 are also very closely related to AluMacYa3, 
showing only a small number of insertions or deletions near and moving into the middle A-rich 
region of the element. The central nodes of Cluster 2, 3, and 4, (subfamily 32, 41, and 42, 
respectively), as well as the surrounding, related subfamilies, all appear to be derived from Alu 
YRa1 (Han et al. 2007). The central nodes of Clusters 7, 8, and 9 (subfamily 3, 16, and 17, 
respectively) show a similar pattern, as they are likely derived from AluYRa4 (Han et al. 2007). 
The apparent origin of these elements is not surprising given that the Papio lineage diverged 
from the macaca lineage roughly 8 million years ago (mya) (Rogers et al.) Interestingly, the 
subfamilies present in Cluster 5 are similar to the AluYc element present in humans, and the 
AluYRb (Han et al. 2007) family from the genome of Rhesus macaque. Each subfamily present 
in Cluster 5 (as well as the previously known similar elements in human and rhesus) shares the 
same 12bp deletion in the left monomer of the element, showing prolonged activity and 
evolution of closely related Alu subfamilies through multiple lineages.  
 All of the elements in our study expand out from a central subfamily, subfamily 0, 
originally found in the genome of the Rhesus macaque. The novel elements in our study follow 
the star-like or bush-like pattern of evolution (Figure 4.1) as seen in a number of previous studies 
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of Alu subfamily structure (Cordaux et al. 2004). The expansion seen in these nine clusters 
supports the intermediate master gene model or stealth model, with multiple active elements 
leading to the expansion of new subfamilies (see Clusters 2-4, and Clusters 7-9) (Cordaux et al. 
2004; Han et al. 2005). The elements uncovered by this study appear to be quite young, with the 
majority of the full-length representatives of our novel subfamilies being under 2% diverged 
from their respective consensus sequences (see Table 4.1). The allele frequencies for 
polymorphic elements in each cluster also reflects this, as none of the clusters of closely related 
subfamilies appear to have reached fixation for the presence of the Alu element (Table 4.1) based 
on our small panel of Papio individuals (Table A4.1). The rapid radiation/expansion of genus 
Papio, which occurred only ~2.5 mya, likely contributes to this lack of allele fixation, along with 
gene flow from troop migration and hybridization occurring along active hybrid zones (Rogers et 
al. ; Steely et al. 2017).  
 The Bayesian phylogenetic analysis (Figure 4.4) largely supports the relationships 
displayed in the network analysis of COSEG results. However, it is important to note that the 
relationships shown in the network analysis reflect what COSEG has determined to be source 
and offspring elements, not phylogenetic relationships. Discrepancies between the phylogenetic 
tree and the network analysis are likely the results of two elements showing closer sequence 
identity, even if they did not come from the same “parent” node of the network analysis.  
 The recent findings of the Baboon Genome Analysis Consortium, along with other recent 
studies of mobile elements in the baboon genome have provided a great deal of new information 
(Rogers et al. ; Steely et al. 2017; Walker et al. 2017). This study found 127 novel Alu element 
subfamilies, supporting the high Alu mobilization rate reported by the Baboon Genome Analysis 
Consortium. It is important to note, however, that these elements are considered to be lineage-
 73  
 
specific based on the genomic information currently available. As the number of sequenced 
primate genomes grows, and as sequencing quality continues to improve, it’s likely that new 
subfamilies may be discovered or that some of these newly reported subfamilies may be found in 
other closely related species. Future studies should attempt to determine underlying causes of 
rapid mobilization of transposable elements within the lineage. This increased duplication rate 
may extend to mobilization competent “master” elements including L1, or it may be caused by 
decreased activity of host defenses that have been shown to slow activity in humans (Hulme et 
al. 2007; Jacobs et al. 2014; Wolf et al. 2015) 
Conclusions 
 Overall, we identified 129 Alu subfamilies that were active in Papio baboons, with 127 of 
these insertions being baboon specific. This work reinforces that there has been extensive 
expansion of Alu elements and subfamilies within genus Papio.  
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CHAPTER FIVE: CONCLUSIONS 
 
 The recent availability of primate reference genomes has opened new doors to explore 
the expansion of Alu elements within genomes besides the human. The evolution of Alu elements 
has been ongoing in primate lineages and Alu insertion polymorphisms are widely used in 
phylogenetic and population genetics studies. Alu subfamilies in the squirrel monkey (genus 
Saimiri), a New World Monkey (NWM), and the olive baboon (genus Papio), an Old World 
Monkey (OWM) were analyzed in this dissertation. Also, squirrel monkeys are commonly used 
in biomedical research and often require species identification; therefore, we aimed to identify 
species indicative markers. The purpose of this body of work was two-fold: 1) Determine the 
evolutionary dynamics and Alu subfamily structure within Saimiri and Papio, and 2) Identify 
candidate Alu insertion polymorphisms with species informative allele frequency distribution 
within the Saimiri lineage.  
 The New World Monkey (NWM) lineage is one of the most studied and debated primate 
groups over the last 40 years and Alu elements have been helpful with understanding some 
phylogenetic relationships between species (Baba et al. 1979; Schneider 2000; Schrago and 
Russo 2003; Singer et al. 2003; Steiper and Ruvolo 2003; Ray and Batzer 2005; Bond et al. 
2015; Kay 2015) Due to relatively poor fossil records of New World Monkeys it is hard to 
determine divergence times and precisely decipher speciation events. The traditional 
classification of New World Monkeys had two families: Callitrichidae and Cebidae, using 
morphology based taxonomy. In 2009, Osterholz (Osterholz et al. 2009) confirmed the 
monophyly of three families Cebidae, Atelidae, and Pitheciidae using Alu elements. 
Classification of the NWM phylogeny has since expanded to the acceptance of three families 
Cebidae (small bodies with claws), Atelidae (large fruit and leaf eating monkeys with prehensile 
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tails) and Pitheciidae (specialized seed predators) (Schneider and Sampaio 2015) .Various 
studies have tried to determine the classification and divergence times of NWM, specifically the 
Cebidae family (Goodman et al. 1998; Schneider 2000; Schrago and Russo 2003; Steiper and 
Ruvolo 2003; Schrago 2007; Kay 2015). All these studies have provided informative species 
relationship hypotheses to show the development of these relationships. A fairly recent study on 
the first primate fossil found on a North American landmass estimates the minimum age of a 
split between Callitrichinae (marmosets and tamarins) and Cebinae to be about 20.77–21.90 Ma. 
The estimated divergence of Cebidae from Atelidae is 21.84–24.93 Ma. It can be agreed upon 
there was a quick radiation of the ancestors of Aotus, Saimiri, Cebus and modern Callitrichine 
(marmosets and tamarins). The family Cebidae contains two species with annotated genomes, 
common marmoset (Callithrix jacchus) and squirrel monkey (Saimiri bolivienis) and two genera 
with scaffold genomes, Cebus (Cebus capucinus) and owl monkey (Aotus nancymaae) analyzing 
Alu insertion polymorphisms may be a promising route to resolve these lineages based on results 
of previous studies using Alu elements as markers (Shedlock et al. 2004; Ray and Batzer 2005; 
Konkel et al. 2010). With the recent release of the common marmoset [calJac3] and Bolivian 
squirrel monkey [saiBol1] genomes it is now possible to take a more in depth look at these 
neotropical primates. 
 Chapter two focuses on the evolution of Alu subfamilies within the Saimiri lineage. The 
results detail the evolution and amplification patterns of lineage specific subfamilies. 108 
subfamilies were identified in the genome and 46 appeared to be Saimiri lineage specific. We 
determined our data supported a stealth model of Alu mobilization considering the AluS 
subfamily remained active for an extended period of time and daughter subfamilies had a series 
of bursts. Since our subfamilies displayed a slower resilient tempo, it is plausible to wonder why 
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these elements were active over extended periods of time and what roles they played throughout 
evolution. The expansion of Saimiri correlates with the expansion of the Amazonian and 
boundaries created among various species of New World Monkeys. It would be interesting in 
future studies to correlate these geographic activities with the expansion of mobile elements 
within all species and subspecies of Saimiri. However, this would require a larger sample size. 
 Chapter three focuses on recently integrated squirrel monkey insertions. The results detail 
how these polymorphic insertions are indeed a valuable resource for species identification and 
population structure. We determined our data set contained 51 polymorphic insertions that may 
be useful in future natural science museum and biomedical studies as species indicative markers.  
Prior to 1984, squirrel monkeys were considered a single species, named Saimiri sciureus, with 
many subspecies geographically separated (Abee 2000). Therefore, it is not surprising that some 
archival tissue samples from natural science museums or specimens from older studies may have 
typically been labelled simply as Saimiri, squirrel monkey, or S. sciureus. This does not mean 
they are necessarily mislabeled, but more than likely represent incomplete identification due to 
limited availability regarding source animal data at the time of sampling. Although we have no 
direct confirmation that this occurred with some of the samples in our DNA panel, the genetic 
diversity evidence from the Structure analysis in this study suggests it is likely. Individuals 
UWBM#75531, MVZ Mamm 193661 and MVZ 196089 in particular had ambiguous amplicons 
in 45 different Alu loci. Based on our Sanger sequencing, geographic locality and the Structure 
data, we believe these individuals may have previously been “under-classified” and they are 
most closely related to the Ecuadorian squirrel monkeys, S. sciureus macrodon, or the Peruvian 
squirrel monkeys S. boliviensis peruviensis. Considering there were only three Peruvian squirrel 
monkeys and one Ecuadorian squirrel monkey on the DNA panel, a larger sample size with more 
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whole genome sequence data would be required for the identification of the exact species of 
these individuals. It is also important to note that all of our subfamilies were ascertained from the 
Bolivian squirrel monkey. With the rapid assembly of new genomes happening daily, it would be 
beneficial in the future to investigate other species and subspecies of Saimiri to determine if the 
same subfamilies were active throughout the entire lineage. The population studies from our data 
bring to question an important topic of knowing the DNA sample origin. Having sample from a 
captive or noncaptive environment can give different impressions on sample relatedness during 
population studies which we witnessed in our captive bolivian squirrel monkey samples. Also, 
considering common and bolivian squirrel monkeys are used in biomedical studies it would be 
helpful to continue these molecular studies to improve captive breeding management. Lastly, 
considering the quick radiation of Cebinae these Alu subfamilies may help clarify some 
unresolved relationships between Aotus, Saimiri, Cebus and modern Callitrichine.  
 Chapter four focuses on the evolutionary dynamics and amplification of Alu subfamilies 
within the Papio lineage. The results show a rapid and prolific amplification of Alu elements 
within the lineage, possibly enhanced by historically high inter-species hybridization among 
Papio. Hybridization is common among baboons and it would be interesting to determine if our 
samples were “pure” or hybrids. This would require a larger sample size and more detailed 
information about the individuals prior to sampling. Nonetheless, we identified 129 active Alu 
subfamilies within the Papio lineage with 127 of the families being baboon specific. Our results 
strongly reinforced the notion of extensive expansion of Alu elements within genus Papio. 
Baboons (genus Papio) are found throughout sub-Saharan Africa in distinct ranges with slight 
overlap. There are six species of baboons that are part of most recent studies, including: yellow 
baboon (Papio cynocephalus), olive baboon (Papio anubis), hamadryas baboon (Papio 
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hamadryas), guinea baboon (Papio papio), chacma baboon (Papio ursinus), and the kinda 
baboon (Papio kindae). These six baboons are largely differentiated based on morphological 
differences (size & coloration), as well as geographic range, dispersal, and social traits 
(Charpentier et al. 2008; Swedell et al. 2011; Fischer et al. 2017). Many of these species are 
known to be interfertile, with a number of studies examining their active hybrid zones (Maples 
and McKern 1967; Jolly et al. 1997; Alberts and Altmann 2001; Jolly et al. 2011; Charpentier et 
al. 2012). Also, baboons have been used for a number of medical studies, and have proven 
valuable for cardiovascular studies (Premawardhana et al. 2001; Cox et al. 2013; Yeung et al. 
2016). In this study, due to the rapid mobilization of AluY elements in baboons, and the recent 
utility of Alu elements for studies in baboons, we aimed to analyze the expansion of Alu 
subfamilies in the genome of the olive baboon, Papio anubis. All of the elements in our study 
expand out from a central subfamily, subfamily 0, originally found in the genome of the Rhesus 
macaque. It is quite intriguing that subfamily 0 has remained active within both lineages and 
caused a major impact on the Alu expansion. The novel elements in our study follow the star-like 
or bush-like pattern of evolution (Cordaux et al. 2004). The expansion seen in the nine clusters 
supports the intermediate master gene model or stealth model, with multiple active elements 
leading to the expansion of new subfamilies (Cordaux et al. 2004; Han et al. 2005). The elements 
uncovered by this study appear to be quite young, with the majority of the full-length 
representatives of our novel subfamilies being under 2% diverged from their respective 
consensus sequences. This leads us to believe that this expansion is recent within baboons. The 
rapid radiation/expansion of genus Papio, which occurred only ~2.5 mya, likely contributes to 
this lack of allele fixation, along with gene flow from troop migration and hybridization 
occurring along active hybrid zones. 
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 It is important to note, however, that all the Alu element subfamilies discovered within 
Saimiri and Papio are considered to be lineage-specific based on the genomic information 
currently available. As the number of sequenced primate genomes grows, and as sequencing 
quality continues to improve, it’s likely that new subfamilies may be discovered or that some of 
these newly reported subfamilies may be found in other closely related species. Future studies 
should attempt to determine underlying causes of rapid mobilization of transposable elements 
within the lineage. This increased duplication rate may extend to mobilization competent 
“master” elements including L1, or it may be caused by decreased activity of host defenses that 
have been shown to slow activity in humans (Hulme et al. 2007; Jacobs et al. 2014; Wolf et al. 
2015). We look forward to obtaining more DNA samples from various squirrel monkeys and 
baboons to examine the dynamics and tempo of Alu completely throughout the lineages. 
Obtaining more samples will allow us to understand the entire scope (other mobile element 
activity, geographical influence, bottlenecks, etc) of evolution between these lineages that may 
be key components.  
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APPENDIX A: SUPPLEMENTAL INFORMATION 
 
Figure A2.1 
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Table A2.1 




































# Species Common name Origin ID
1 Homo sapiens Human ATCC HeLa CCL-2
2 Pan troglodytes Common Chimpanzee IPBIR NS06006
3 Chlorocebus aethiops African Green monkey ATCC CCL70
4 Lagothrix lagotricha Woolly monkey Coriell NG05356
5 Ateles belzebuth White bellied spider monkey SDFZ KB6701
6 Alouatta sara Bolivian red howler monkey SDFZ OR749
7 Callithrix jacchus Common marmoset NERPRC cj393-99, A02-738
8 Callithrix pygmea Pygmy marmoset SDFZ OR690
9 Saguinus fuscicollis nigrifrons Geoffroys saddle-back tamarin SDFZ OR621
10 Cebus Capuchin monkey KP CA003
11 Saimiri s. sciureus Squirrel monkey SDFZ KB4544
12 Aotus trivirgatus Owl monkey ATCC CRL1556
13 Pithecia p. pithecia Northern white-faced saki SDFZ OR842
14 Callicebus d. donacophilus Bolivian gray titi SDFZ OR1522
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Table A2.2 
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Preliminary Squirrel Monkey DNA Panel  
 
ID Taxonomic Name Common Name 
KB 4544 Saimiri s. sciureus Squirrel monkey 
LSUMZ M-4970 Saimiri boliviensis Bolivian squirrel monkey 
LSUMZ M-7827 Saimiri sciureus common squirrel monkey 
UWBM# 75531 Saimiri sciureus common squirrel monkey 
UWBM# 75532 Saimiri sciureus common squirrel monkey 
Coriell NG05311 Saimiri sciureus common squirrel monkey 
YPM MAM 015317 Saimiri sciureus common squirrel monkey 
YPM MAM 015340 Saimiri sciureus common squirrel monkey 
MVZ Mamm 193661 Saimiri sciureus common squirrel monkey 
MVZ Mamm 193685 Saimiri sciureus common squirrel monkey 
MVZ Mamm 196088 Saimiri boliviensis Bolivian squirrel monkey 
MVZ Mamm 196089 Saimiri sp.  squirrel monkey 
JAV 603  Saimiri boliviensis Bolivian squirrel monkey 






















SDFZ:        San Diego Frozen Zoo, Conservation and Research for Endangered Species      
        (CRES) San Diego Frozen Zoo 
Coriell:       Coriell Institute for Medical Research, 403 Haddon Avenue, Camden, NJ  
LSUMZ:     LSU Museum of Natural Science Collection of Genetic Resources, 119 Foster 
        Hall, Baton Rouge, LA 
Burke:       The Burke Museum of Natural History and Culture, University of Washington, 
        Seattle, WA 
YPM:         Yale Peabody Museum of Natural History, Yale University, 170 Whitney Ave. 
        New Haven, CT 
MVZ:         Museum of Vertebrate Zoology, University of California, Berkeley 
JAV:          John A. Vanchiere, M.D., Ph.D. Chief, Pediatric Infectious Diseases, LSUHSC-
        Shreveport, LA 
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Table A2.4 
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Table A2.5 
Full Squirrel Monkey DNA Panel  
 
Species Common name Source ID 
Home sapiens Human ATCC HeLa CCL-2 
Callithrix jacchus Common marmoset NERPRC cj393-99, A02-738 
Saimiri s. sciureus common Squirrel monkey SDFZ KB4544 
Saimiri sciureus common squirrel monkey 
LSU 
Museum LSUMZ M-7827 
Saimiri sciureus common squirrel monkey Burke UWBM# 75531 
Saimiri sciureus common squirrel monkey Burke UWBM# 75532 
Saimiri sciureus common squirrel monkey Coriell  NG05311 




















Saimiri sciureus common squirrel monkey KCCMR 6118 
Saimiri sciureus common squirrel monkey KCCMR 658 
Saimiri sciureus 
sciureus common squirrel monkey SDZICR KB18803 
Saimiri boliviensis Bolivian squirrel monkey 
LSU 
Museum LSUMZ M-4970 





Saimiri boliviensis Bolivian squirrel monkey 
John A. 
Vanchiere H604 Liver DNA 
Saimiri boliviensis Bolivian squirrel monkey 
John A. 
Vanchiere H804 Liver DNA 
Saimiri boliviensis Bolivian squirrel monkey KCCMR 2212 
Saimiri boliviensis Bolivian squirrel monkey KCCMR 2514 
Saimiri boliviensis Bolivian squirrel monkey KCCMR 2240 
Saimiri boliviensis Bolivian squirrel monkey KCCMR 2427 
Saimiri boliviensis Bolivian squirrel monkey KCCMR 4248 
Saimiri boliviensis Bolivian squirrel monkey KCCMR 2573 
Saimiri boliviensis Bolivian squirrel monkey KCCMR 2269 
Saimiri boliviensis Bolivian squirrel monkey KCCMR 2560 
Saimiri boliviensis Bolivian squirrel monkey KCCMR 2233 
Saimiri boliviensis Bolivian squirrel monkey KCCMR 5161 
 
(table continued)  
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Species Common name Source ID 
Saimiri boliviensis 
peruviensis 
Puruvian squirrel monkey KCCMR 3526 
Saimiri boliviensis 
peruviensis 













Ecuadorian Squirrel Monkey SDZICR KB17915 
































SDFZ:        San Diego Frozen Zoo, Conservation and Research for Endangered Species  
        (CRES) San Diego Frozen Zoo 
Coriell:       Coriell Institute for Medical Research, 403 Haddon Avenue, Camden, NJ  
LSUMZ:     LSU Museum of Natural Science Collection of Genetic Resources, 119 Foster 
         Hall, Baton Rouge, LA 
Burke:       The Burke Museum of Natural History and Culture, University of Washington, 
        Seattle, WA 
YPM:         Yale Peabody Museum of Natural History, Yale University, 170 Whitney Ave. 
        New Haven, CT 
MVZ:         Museum of Vertebrate Zoology, University of California, Berkeley 
JAV:          John A. Vanchiere, M.D., Ph.D. Chief, Pediatric Infectious Diseases, LSUHSC-
       Shreveport, LA 
KCCMR:   Michale E. Keeling Center for Comparative Medicine and Research, The  
        University of Texas MD Anderson Cancer Center, Bastrop, TX 
SDZICR:   San Diego Zoo Global Biomaterials Review Group, San Diego Zoo Institute for 
       Conservation Research 
ATCC: From cell lines provided by the American Type Culture Collection  
NERPRC: New England Regional Primate Research Center  
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Table A2.7 

















































































Saimiri Lineage Specific Alu Subfamily Consensus Sequences 
 

































(table continued)  
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Table A3.1 
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# Species Common name Origin ID 
1 Home sapiens Human ATCC HeLa CCL-2 
2 Callithrix jacchus Common marmoset NERPRC cj393-99, A02-
738 
3 Saimiri s. sciureus common Squirrel monkey SDFZ KB4544 
4 Saimiri sciureus common squirrel monkey LSU Museum LSUMZ M-
7827 
5 Saimiri sciureus common squirrel monkey Burke UWBM# 
75531 
6 Saimiri sciureus common squirrel monkey Burke UWBM# 
75532 
7 Saimiri sciureus common squirrel monkey Coriell  NG05311 
















12 Saimiri sciureus common squirrel monkey KCCMR 6118 
13 Saimiri sciureus common squirrel monkey KCCMR 658 
14 Saimiri sciureus 
sciureus 
common squirrel monkey SDZICR KB18803 
15 Saimiri boliviensis Bolivian squirrel monkey LSU Museum LSUMZ M-
4970 












19 Saimiri boliviensis Bolivian squirrel monkey KCCMR 2212 
20 Saimiri boliviensis Bolivian squirrel monkey KCCMR 2514 
21 Saimiri boliviensis Bolivian squirrel monkey KCCMR 2240 
22 Saimiri boliviensis Bolivian squirrel monkey KCCMR 2427 
23 Saimiri boliviensis Bolivian squirrel monkey KCCMR 4248 
24 Saimiri boliviensis Bolivian squirrel monkey KCCMR 2573 
25 Saimiri boliviensis Bolivian squirrel monkey KCCMR 2269 
 
(table continued) 
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# Species Common name Origin ID 
26 Saimiri boliviensis Bolivian squirrel monkey KCCMR 2560 
27 Saimiri boliviensis Bolivian squirrel monkey KCCMR 2233 
28 Saimiri boliviensis Bolivian squirrel monkey KCCMR 5161 
29 Saimiri boliviensis 
peruviensis 
Puruvian squirrel monkey KCCMR 3526 
30 Saimiri boliviensis 
peruviensis 
Puruvian squirrel monkey KCCMR 2291 



































































































































































































None None None None 





Subfamilies with Young Alu Elements 
 
AluTa15_sf1 0 4 38 108 154 
sf36 0 0 9 46 90 
sf37 0 0 9 43 46 
sf38 0 0 6 20 41 
sf42 0 0 7 15 24 
sf44 0 0 9 47 59 
sf46 0 0 6 19 43 
sf47 0 0 3 24 30 
sf51 0 0 4 17 37 
sf52 0 0 3 16 32 
sf53 0 0 0 2 1 
sf62 0 2 11 53 97 
sf63 1 12 139 573 931 
sf65 0 0 0 0 1 
sf66 1 0 4 34 45 
sf71 0 0 5 7 8 
sf73 0 0 15 54 92 
sf76 0 0 0 1 3 
sf82 0 5 48 111 141 
sf85 0 0 1 1 2 
sf86 0 0 13 31 54 
subfamily0 0 0 1 3 7 
subfamily11 0 0 1 2 5 
subfamily12 0 3 2 13 4 
subfamily13 0 0 0 1 1 
subfamily14 0 0 0 2 5 
subfamily15 0 0 0 3 4 
subfamily17 0 0 0 0 1 
subfamily18 0 0 0 0 1 
subfamily2 0 0 0 2 1 
subfamily21 0 0 0 1 0 
subfamily26 0 1 1 8 7 
subfamily27 0 0 0 0 1 
subfamily29 0 0 1 2 4 
subfamily30 0 0 0 0 1 
subfamily32 1 3 4 5 9 
subfamily33 0 0 0 1 0 
(table continued) 
 175  
 
 
subfamily36 0 0 5 7 9 
subfamily37 0 0 1 6 1 
subfamily39 0 1 0 2 3 
subfamily4 0 6 18 87 128 
subfamily40 0 0 0 0 1 
subfamily43 0 0 0 6 4 
subfamily45 1 0 0 1 1 
subfamily5 2 12 30 113 100 
subfamily7 0 0 0 0 1 



















































Species label ID Cluster 1 Cluster 2 Cluster 3 Sample Source
Saimiri s. sciureus KB4544 0.991 0.007 0.002 SDFZ
Saimiri sciureus LSUMZ M-7827 0.998 0.001 0.001 LSUMZ
Saimiri sciureus UWBM# 75531 0.001 0.955 0.043 Burke
Saimiri sciureus UWBM# 75532 0.999 0.000 0.000 Burke
Saimiri sciureus NG05311 0.999 0.000 0.000 Coriell:        
Saimiri sciureus YPM MAM 015317 0.999 0.000 0.000 YPM
Saimiri sciureus YPM MAM 015340 0.999 0.000 0.000 YPM
Saimiri sciureus ssp. MVZ Mamm 193661 0.005 0.990 0.004 MVZ
Saimiri sciureus ssp. MVZ Mamm 193685 0.981 0.015 0.004 MVZ
Saimiri sciureus 6118 0.999 0.000 0.000 KCCMR
Saimiri sciureus 658 0.999 0.000 0.000 KCCMR
Saimiri sciureus sciureus KB18803 0.998 0.002 0.000 SDZICR:
Saimiri boliviensis LSUMZ M-4970 0.001 0.979 0.020 LSUMZ
Saimiri boliviensis MVZ Mamm 196088 0.003 0.990 0.006 MVZ
Saimiri boliviensis H604 Liver DNA 0.000 0.001 0.998 KCCMR / JAV
Saimiri boliviensis H804 Liver DNA 0.000 0.006 0.994 KCCMR / JAV
Saimiri boliviensis 2212 0.000 0.001 0.998 KCCMR
Saimiri boliviensis 2514 0.000 0.001 0.999 KCCMR
Saimiri boliviensis 2240 0.000 0.001 0.998 KCCMR
Saimiri boliviensis 2427 0.001 0.011 0.988 KCCMR
Saimiri boliviensis 4248 0.000 0.001 0.998 KCCMR
Saimiri boliviensis 2269 0.000 0.001 0.998 KCCMR
Saimiri boliviensis 2560 0.000 0.002 0.998 KCCMR
Saimiri boliviensis 5161 0.000 0.003 0.997 KCCMR
Saimiri boliviensis peruviensis 3526 0.001 0.973 0.026 KCCMR
Saimiri boliviensis peruviensis 2291 0.001 0.982 0.017 KCCMR
Saimiri boliviensis peruviensis KB17911 0.001 0.998 0.002 SDZICR:
Saimiri oerstedii oerstedii KB7456 0.977 0.009 0.013 SDZICR:
Saimiri sciureus macrodon KB17915 0.001 0.994 0.005 SDZICR:
Saimiri sp. MVZ Mamm 196089 0.001 0.997 0.002 MVZ
Table 2. Structure analysis for K = 3 clusters isolates KCCMR S. boliviensis  captive breeding colony
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Table A4.1  
DNA Panel 
 
(table continued)  
  1 2 
  
A TLE HeLa 
  
B 27861: Ref L142 P. anubis 
  
C LIV5 P. anubis 28697 P. ursinus 
  
D 28755 P. ursinus 28547 P. papio 
  
E 30388 P. papio 34474 P. kindae 
  
F 34472 P. kindae 16066 P. 
cynocephalus 
  





H TD871167 T. 
gelada 
KB 10538 T. 
gelada 
  
     
# Species Common name Origin ID 
1 TLE Negative control n/a n/a 
2 Homo sapiens Human ATCC HeLa 
CCL-2 





4 Papio anubis Olive baboon Jeff 
Rogers 
L142 
5 Papio anubis Olive baboon Jeff 
Rogers 
LIV5 
6 Papio ursinus Chacma baboon Jeff 
Rogers 
28697 
7 Papio ursinus Chacma baboon Jeff 
Rogers 
28755 
8 Papio papio Guinea baboon Jeff 
Rogers 
28547 
9 Papio papio Guinea baboon Jeff 
Rogers 
30388 
10 Papio kindae Kinda baboon Jeff 
Rogers 
34474 





Yellow Baboon Jeff 
Rogers 
16066 
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Table A4.3 
Baboon Alu Consensus Sequences 
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